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ABSTRACT

Unveiling the global roles of G-quadruplexes and G4-22 in human genetics

Ruth Barros De Paula, B.S.*
Advisory Professor: John A. Tainer, Ph.D.

G-quadruplexes are non-B DNA structures formed by four or more runs of repeated
guanines that confer unique features to living organism’s genomes. These sequences
are enriched in regulatory regions, such as promoters and 5’ UTRs, and have distinct
regulatory roles in both health and disease states. Even though previous studies showed
the impact of G4 in gene expression, none of them summarized the location-specific
effect of G4. Also, there is no broad understanding about the most common G4 repeat
in the human genome, named here as G4-22, and how it links to the evolution of
mammals and their biology. In this dissertation, we try to assess the expression patterns
of genes containing G4 and attempt to find a biological role for G4-22. Using
bioinformatics algorithms, we assessed the location of all potential G4 sequences (PQS)
in the human genome, filtered them by gene regulatory location and evaluated their
expression. We also searched for mutations occurring at PQS regions using wellestablished mutations databases. Twenty mammalian genomes were screened for PQS
and their flanking sequences to find conservation patterns. Structural work and G4-ChIPseq analyses were used to assess the stability and formation of G4-22. The results
showed that PQS are present in a wide set of genes, clustered in different gene ontology
(GO) terms depending on PQS location. Overall, PQS at intronic regions are correlated
v

with increased expression and at exonic regions with lower expression. G4-22
sequences are present in the reference human genome (hg38 assembly) mostly from
L1PA2 retrotransposons and their G4 structures are efficiently resolved by the DHX36
helicase. G4-22 was found mainly within introns, away from splice sites, and PANTHER
analysis indicated that G4-22-containing genes are specifically enriched in GO terms
related to the brain and nervous system. These findings reinforce and summarize the
biological importance of G4 in gene expression and reveal a potential role for G4-22 in
the evolution and function of brain-related genes in both humans and other higher
primates. In the future, this knowledge may prove foundational for personalized
diagnostics and therapeutics of G4-related disorders as well as ancestry analysis based
on G4-22 flanking sequences.
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1. INTRODUCTION
1.1.

Non-canonical DNA: non-B structures

The discovery of DNA is set as one of the major breaks of paradigm in biology’s
history, challenging the old concepts about protein production and heritability of traits.
Since then, this molecule has been extensively studied giving rise to the area of genetics,
allowing the study of genes and inherited features. Despite its compelling base-paring
and stacking, we now realize B-DNA is a resting form of DNA. More recently, the idea of
DNA being a dynamic structure came along with epigenetics, characterized as the study
of nucleic acids and histone modifications (e.g. methylation, ubiquitination, etc.) and noncanonical DNA folds, named non-B DNA, that can modulate gene expression and other
important biological processes (Kohwi & Kohwi-Shigematsu, 1991).
Currently, more than 10 types of non-B DNA structures have been reported (Zhao et
al., 2010), and the most common ones will be further described. Inverted repeats give
rise to important tridimensional structures like hairpins and cruciform repeats. These
sequences are characterized by two mirrored repeats separated by a symmetric center
(e.g. 5’ ATGC-NNNN-CGTA 3’) that can base-pair to one another forming an intra-strand
hairpin or two hairpin-loop arms and a junction similar to a Holliday junction intermediate
(Figure 1C). Z-DNAs arise from an alternating pattern of purines and pyrimidines that
may fold the DNA double-strand into a left-handed zigzag (Figure 1A). Triplex or H-DNA
are formed from mirror repeats (10-100 purines or pyrimidines with a 0-8 nt spacer) rich
in homopurines or homopyrimidines, where a single-stranded region may fold into a
triple-helix (Figure 1B). These folds may be sub classified according to the third strand
features, such as orientation (e.g. parallel or anti-parallel to the complementary strand)
and composition (e.g. purine- or pyrimidine-rich). Direct repeats patterns (10-50 nt
1

separated by 0-5 nt spacer) often form slipped strand DNA that is basically a
misalignment of the complementary strand (Figure 1E). Finally, guanine runs of at least
three nucleotides (nt), when repeated four or more times, may form square-like
conformations named tetraplexes or G-quadruplex (G4) DNA (Figure 1D) (Cer et al.,
2011; Zhao et al., 2010).

Figure 1. Non-B DNA structures. A) Z-DNA; B) H-DNA (triplex DNA); C) Cruciform
DNA; D) G-quadruplex (tetraplex) DNA; and E) slipped DNA. Adapted from Zhao et al.
(2010).

In most of the cases, the distribution of non-B DNA is non-random, providing insights
on what their biological impacts may be. For example, non-B repeats are enriched at
centromeric regions, suggesting that these sequences are important for the binding of
2

proteins involved in cell division (Mouser et al., 2018). Also, inverted repeats overlap with
somatic and germline regions of gross rearrangements (Repping et al., 2002; Warburton
et al., 2004). Transcriptional and translational regulatory roles are seen for most non-B
DNA; for example, the torsional strain released upon Z-DNA formation may decrease the
efficiency of transcription due to a drop in negative supercoiling (Sung et al., 2005), and
triplexes at a micro-RNA (miRNA) expressed by HeLa-CD4+ cells may regulate
resistance genes that combat human immunodeficiency virus 1 (HIV-1) viral infection
(Plum, 1997). Overall, most non-B DNA have multiple impacts, mainly linked to genomic
instability, gene regulation, recombination, splicing, chromosomal segregation and
telomere maintenance, leading to normal cellular homeostasis or disease states. In this
dissertation, we will focus on G4s, due to their high conformational complexity and widely
reported medical importance.

1.2.

G-quadruplexes and their regulatory roles

Guanine repetitions are widespread in all domains of life, and may form Gquadruplexes, characterized as tridimensional DNA or RNA structures composed of four
or more runs of repeated guanines interrupted by up to 22 random bases (Julian L.
Huppert & Balasubramanian, 2005; Maizels, 2012). G4 structures comprise 0.3% of the
human genome and are measurably enriched (more prevalent in specific regions than in
the genome as a whole) at promoters and 5’ untranslated regions (UTRs) of genes
(Julian L. Huppert & Balasubramanian, 2005). G4 folds are formed when stabilized by
alkali metal ions such as potassium (K+), sodium (Na+) and magnesium (Mg2+), even
at physiological concentrations (Sen & Gilbert, 1990). These structures can self3

assemble into planar arrays stabilized by Hoogsteen-type hydrogen-bonded interactions
that do not result in the classical double-helix B-DNA conformation; for that reason, G4s
are classified as non-canonical DNA structures or non-B DNA.
The first functional characterization of guanine-rich sequences traces back to 1910
and came from the observation that guanine repetitions can self-associate to form
polycrystalline gels. In the 1960s, X-rays crystallographic methods revealed the
formation of tetrameric guanine-rich structures (Gellert et al., 1962), but the usage of “Gquadruplex” nomenclature appeared only about 30 years ago, when the first studies
using oligonucleotides and structural biology techniques revealed the importance of
these secondary structures in telomere biology (Sundquist & Klug, 1989).
Experimentation in cells and animal models revealed that G4 is required for a wide
diversity of biological processes other than telomere maintenance, such as DNA
replication, splicing and gene and protein expression (Agarwala et al., 2013; Huang et
al., 2017; Kim, 2017; Lopes et al., 2011) (Figure 2). In this study, we focused on G4
impacts in gene and protein expression as well as on their possible effects in the behavior
of transposable elements (TEs).

4

Figure 2. G-quadruplexes, their functions and how they impact gene expression.
Left: canonical pattern of G4 used by prediction algorithms and schematics of G4
formation. Middle: most common biological functions of G4 DNA (in blue) and G4 RNA
(in purple). The white box highlights the processes linked to gene and protein expression.
Right: different ways in which G4s regulate expression. Green arrows indicate
upregulation and red arrows indicate downregulation. Created with BioRender
(https://app.biorender.com/).

1.3.

PQS search engines

Initial identification of G-quadruplexes usually relies on identifying PQS using a
pattern-search software. Quadparser (Julian L. Huppert & Balasubramanian, 2005) is
one of the first algorithms built for that purpose. Its most recent version utilizes the
following search pattern, or folding rule: G3-7+N1–7G3-7+N1–7G3-7+N1–7G3-7, which means
four stacks of 3 to 7 G’s intercalated by 1 to 7 random nt. Although more recent PQS
5

search algorithms exist (e.g.: QGRS Mapper (Kikin et al., 2006); G4Hunter (Bedrat et al.,
2016); pqsfinder (Hon et al., 2017)), Quadparser remains the most frequently cited tool
in the literature. A downside of this purely computational approach is that it does not
consider the probability that these G4s actually form, as well as their stability.
MFold is a program classically used for the prediction of hairpin formation in small
sequences of DNA. This program returns delta-G values for different hairpin structures
that may arise from the sequences provided: the more negative the delta-G value is, the
more stable is the hairpin. The comparison of delta-G’s in different genomic regions could
be used to predict the density of G4s as well as other non-B DNA throughout genomes.
Notably, G4s are groups of complex hairpins combined in a tridimensional space, so the
delta-G might not be the best choice for the stability measurements of PQS.
An algorithm that can predict better PQS scores is QGRS Mapper. The scores
provided are based on generic G4 folding rules such as: 1) short loops are preferred over
long loops; 2) the loops size tend to be homogenous within the same G4; and 3) the
stability of G4s is higher for greater number of G tetrads (Kikin et al., 2006). Even though
this methodology provides a better PQS scoring rationale than MFold, the rules
established are still very broad and do not accommodate peculiarities some G4s may
display.
A recently developed program, termed Quadron, uses G4-seq data and machine
learning to predict the stability of PQS, returning a Quadron Q score (Sahakyan,
Chambers, et al., 2017). If the score is equal or larger than 19, the predicted G4 may be
classified as structurally stable. This method considers flanking sequences and genomic
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context to model how G4s may fold in vivo, an unprecedented feature in PQS search
engines.

1.4.

Transcriptional effects of G4s

A wide range of studies have shown that G4s are enriched at gene promoters
(considered as 2 kb – 1 kb bases before transcription start sites (TSS)) (Eddy et al.,
2011; Julian L. Huppert & Balasubramanian, 2007). For G4 to form at promoters, the
DNA must become single stranded, which naturally happens during transcription in order
to facilitate the binding of transcription factors (TFs). In mammals, enhancers are regions
downstream of promoters that serve as boosters of transcription, and recent research
revealed they also comprise functional G4 motifs (Sedoris et al., 2010; Zhou et al., 2013).
Unfortunately, no studies elucidated mechanisms of G4 function at enhancers yet, so we
decided to leave enhancers out of the scope of this section. The mechanisms of G4
involved in transcriptional regulation are summarized on Figure 3A.
The functions of genes containing G4 at promoters may be established through gene
enrichment

analysis,

performed

by

tools

such

as

Gene

Ontology

(GO)

(http://geneontology.org/). GO analysis revealed that genes containing G4s at their
promoters are involved in TF activity, development, neurogenesis and kinase activity and
not involved in olfaction, G-protein signaling, immune response, nucleic acid binding and
protein biosynthesis (J. L. Huppert, 2008). In summary, genes linked to processes that
require strict regulatory control often contain G4 in their promoters.

7

1.4.1. G4s in promoters of cancer-related genes
In the context of cancer biology, multiple proto-oncogenes were shown to contain
G4s in regions that modulate transcription, as well as DNA repair genes (Fleming et al.,
2018). c-MYC is one of the most commonly studied proto-oncogenes, and it contains a
well-established G4 region within its promoter that may upregulate or downregulate gene
expression (Borgognone et al., 2010; Kang et al., 2014; Seenisamy et al., 2004). One
study suggests that the binding of CNBP chaperone influences the folding type of the cMYC promoter quadruplex, facilitating the formation of a parallel-type structure in
detriment of an anti-parallel structure. In this case, the conformational change
upregulates expression, indicating that the parallel G4 version, and not the anti-parallel
one, helps recruiting TFs that are especially designed to fit its conformation (Borgognone
et al., 2010).
In contrast to the previous scenario, a down-regulatory effect was published by Kang
et al. (2014), in which transcription of c-MYC is decreased due to the binding of an
adenosine deaminase, ADAR1, to its promoter G4, possibly hindering the binding of TFs.
This protein originally participates in RNA editing, converting adenosines to inosines, but
recent studies showed it can bind to Z-DNA (non-B left-handed double helix with
alternate stacking of bases) (Ha et al., 2009). Since both Z-DNA and G4 emerge from
G-rich regions, it was unsurprising to uncover that ADAR1 uses c-MYC promoter G4 as
a binding target as well. It is possible that these different effects of G4 in the expression
of c-MYC co-exist, but to confirm this hypothesis both experiments should be performed
using the same experimental conditions.

8

Down-regulatory and up-regulatory effects were also reported for a G4 at KRAS
promoter. In cell and mouse experiments, Chu et al. (2016) unveiled an interesting
regulation loop of KRAS signaling via KRAS-integrin-linked kinase hnRNPA1. According
to these experiments, KRAS protein regulates expression of integrin-linked kinase (ILK),
known to mediate pancreatic cancer, via transcriptional activation. The expression of ILK,
in turn, regulates KRAS in a feedback loop due to the destabilization of KRAS promoter
G4 through hnRNPA1 activity, a protein regulated by ILK expression. This destabilization
of G4 upregulates KRAS activity, revealing a down-regulatory role of G4. A simplification
of this complex mechanism is described in Figure 3A. Later on, the involvement of
hnRNPA1 in the KRAS promoter regulation was better characterized when this molecule
was shown to specifically bind to 8-oxoguanine regions (8-oxoG), defined as guaninerich regions prone to suffer oxidative stress, which is the case of G4 (Cogoi et al., 2018).
The same authors also reported that while 8-oxoG serves as an up-regulator of KRAS
transcription, OGG1 protein does the opposite by removing oxidized guanines from
damaged sites and, consequently, altering the G4 shape.
VEGF, a mediator of the oncogene EGF, is also regulated by oxidative processes in
guanine-rich regions. Two studies performed in cells showed that some G4s affect the
transcription of VEGF growth factors in an up-regulatory way (Fleming et al., 2017;
Fleming, Zhu, Ding, & Burrows, 2019; Fleming & Burrows, 2020). Since G-rich regions
are prone to cause double strand breaks (DSBs), they often enhance cellular stress and
the formation of reactive oxygen species (ROS). APE1, an endonuclease, is then
recruited to damaged sites to initiate a cascade of DNA repair events. An alternative
APE1 linked pathway possibly recruits TFs, which increases the expression of VEGF
and, consequently, the growth of endothelial vases in tumors, resulting in a positive
9

feedback for tumor growth. Fleming et al. (2017) later discovered the participation of
OGG1 in the actual formation of the VEGF quadruplex structures, contributing to the
cascade of events described above. Similar mechanistic insights were also found for
NEIL3 gene, regulated by epigenetic-like oxidative DNA modification (Fleming, Zhu,
Howpay Manage, et al., 2019). Even with these mechanistic insights, the signaling
networks that are responsible for G4 regulation of gene expression remain largely
incomplete and are the subject of ongoing investigations.

1.4.2. G4s involved in the formation of DNA:RNA interactions
The complexity of G4 regulation of transcription extends to the formation of nucleic
acids duplexes in regions other than promoters. FADS2 gene, important for the
metabolism of fatty acids, is affected by an up-regulatory transcriptional effect that occurs
with the formation of DNA:RNA heteroduplexes among the 3’UTR G4 region from both
the gene and its transcript (J. Y. Zhang et al., 2014). More specifically, the first step of
FADS2 RNA synthesis produces an R-loop (a three-stranded structure comprising two
DNA strands and one RNA strand), formed by a nascent transcript and the template DNA
strand. In the next part of transcription, the RNA in the R-loop is unfolded and releases
the transcript. After that, G-tracts in the RNA can form heteroduplexes with DNA, creating
a complete G-quadruplex in the non-template strand that holds the double-helix open
and stimulates the formation of free messenger RNA (mRNA). The illustration of this
mechanism is shown in Figure 3C. Even though part of the G4 forms in the 3’UTR of
RNA, this mechanism seems to primarily affect transcription by making the TSS more
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readily available for the next round of transcription. Consequently, more mRNAs are
produced providing more material for translation.
Similar DNA:RNA interactions are not restricted to the nuclear genome. The
conserved sequence block II (CSB II) is a G-rich region in human mitochondrial DNA
found to create an inter-strand G4 structure (Wanrooij et al., 2012; Zheng et al., 2014).
This region is known to be important for regulating the initiation of mitochondrial
replication. At transcription, the 5’ of CSB II DNA binds to the 3’ of its RNA, creating a
stable quadruplex leading to the stop of transcript synthesis, consequently allowing the
use of the RNA as a primer for DNA production.

1.4.3. G4s at telomeres – TERRA impact in gene expression
Telomeres are regions enriched in G4s that mechanically protect the extremities of
chromosomes from degradation (Tan & Lan, 2020). More recently, the discovery of the
telomeric repeat-containing RNA (TERRA) enabled a new perspective about G4s
function at telomeres. TERRA is a long non-coding RNA (lncRNA) that canonically
negatively regulates the activity of telomerase (Maicher et al., 2012). TERRA may be
repurposed to affect the genome-wide expression of some innate immune response
genes (Hirashima & Seimiya, 2015). Using cultured cells, scientists discovered that
telomere elongation up-regulates the expression of TERRA signal which through binding
to DNA down-regulates the expression of STAT1, ISG15 and OAS3. This finding
importantly contributes to the understanding of cancer cells’ improved survival,
suggesting that the elongation of telomeres has an unprecedented side-effect that
protects tumors from being attacked by the immune system.
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In summary, G4s give rise to a wide diversity of relevant regulatory mechanisms of
transcription and their contributions to the understanding of expression should not be
ignored.

1.5.

Translational effects of G4s

Even though G4 RNAs are understudied, they are reportedly more stable than G4
DNAs and have also attracted scientific attention (Mergny et al., 2005; Saccà et al.,
2005). The fact that the genomic machinery does not have to open the double strand in
order to form G4 RNA makes these structures more prone to form in a genomic context
(Mergny et al., 2005). There are some studies describing the effects of RNA G4s in UTRs
using cell-free, tissue culture and/or animal models expression assays and most of the
results showed that mutations in G4s belonging to these UTRs affect translational
processes. The exception to this rule was described in the previous section, which
revealed the function of a 3’UTR G4 RNA in transcription (J. Y. Zhang et al., 2014). The
summary of some mechanisms of G4 influence in translation are described in Figure 3B.

1.5.1. G4s at 5’UTR and impact on ribosomal activity
5’UTRs regions are important to help recruiting the ribosomal complex as well as
other molecules that constitute the translational machinery, such as initiation factors
(Araujo et al., 2012; Pavitt, 2018). Logically, G4s in this region may affect the binding of
specific molecules linked to translation, but they may also cause ribosomal stalling and/or
dissociation and consequent translational decrease (Bhattacharyya et al., 2015; Endoh
et al., 2013; Murat et al., 2014). Like the promoter scenario, G4s at 5’UTRs do not seem
12

to control expression through a single canonical mechanism, but instead they give rise
to diverse regulation strategies.
NRAS, a proto-oncogene that produces a GTPase, was chosen to test how G4 in
RNA affects translation. The results revealed that this specific G4 RNA represses
translation, serving as the first example of this type of translation modulation in the
literature (Kumari et al., 2007). At the time, the main goal of the study was not to elucidate
biochemical mechanisms but to reveal the extent of G4 RNA effect in protein expression.
One year later, the same group published a complementary paper that determined the
importance of position and stability in the down-regulatory effect of the 5’UTR G4 of
NRAS (Kumari et al., 2008). The authors created artificial constructs comprising the
same canonical G4 but placed at different locations. They found that G4 was functional
and repressive only when present at the last 50 nt of the 5’UTR, which is the natural
location of this structure in the gene. Testing the stability of each construct, they
discovered that the wild-type (WT) functional G4s were more stable than the artificial
non-functional ones. This finding was unexpected and unveiled that flanking sequences
and genomic context matter to G4 stability, a characteristic that was further incorporated
into the G4 prediction software Quadron.
Another example of genomic context affecting the activity of G4 in expression regards
TGFβ2 gene. Cell culture experiments demonstrated that TGFβ2 expression is
upregulated by the additive effect of two G4s in its 5’UTR (Agarwala et al., 2019). Under
disruption of one of the G4s, the other did not meaningfully upregulate protein expression
by itself. The authors hypothesize that both G4s may jointly recruit an activator onto the
5′ UTR that may promote the scanning rate of the pre-initiation complex down the 5′ UTR
of the mRNA.
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1.5.2. G4s at 3’UTR, sRNAs and their interactions
Compared to 5’UTR G4s, 3’UTR G4s are less studied, although they may be
biologically relevant. Importantly, 3’UTR G4s are involved in the formation of nucleic acid
interactions. In two cases, miRNAs specifically bind to G-quadruplex regions of mRNAs,
forming RNA:RNA interactions and silencing protein expression (Rouleau et al., 2017; J.
Zhang et al., 2019). The increase of protein expression in luciferase assays under
blockage of miRNA effect was 33% for FADS2 and around 40% for KCNJ11.
Interestingly, the same miRNA (mir331-3p) was found to interact with both genes,
suggesting a multi-regulatory role.
G4 RNAs are not exclusive to mRNAs but they may be present in the small noncoding RNAs (sncRNAs) themselves, as reported for both piwi-interacting RNAs
(piRNAs) and miRNAs. piRNAs are very similar to miRNAs and also have roles in gene
silencing, but differ in their size, origin and context. piRNAs are commonly larger than
miRNA (26-30 nt versus 21-25 nt, respectively) and are often derived from antisense
transcripts of TEs, serving as self-regulatory elements of their transposition (Nishida et
al., 2007). Also, piRNAs roles are mainly linked to germline cells and early development
(Siomi et al., 2011), while miRNAs are involved in development, remodeling and aging
(T. Ghosh et al., 2014). piRNAs containing G4 were shown to be unable to bind to HIWIPAZ domain, compromising the formation of full RNA‐induced silencing complexes
(RISCs) and decreasing the silencing of their mRNA targets. This lack of silencing
indirectly upregulates the expression of the target genes (Balaratnam et al., 2019). G4s
in miRNA molecules, instead, impair Dicer or induce Drosha binding, not only
downregulating or upregulating their own expression but also indirectly affecting their
target genes (A. Ghosh et al., 2019; Zhu et al., 2021).
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1.5.3. G4s at exons and their disruptive role
The existence of G4 at exons is more scarce than in the rest of the genome, possibly
due to strong disturbance these structures impose during both transcription (G4 DNA)
and translation (G4 RNA) (Julian L. Huppert & Balasubramanian, 2005). The fact that
G4s are regions of high mutation rates also imply that these structures at exons would
likely compromise the genomic stability of coding regions and, consequently, the
production of proteins (Bacolla et al., 2019). The remaining G4s located within exons are
often methylated, which hinders their secondary structure formation, but there are
exceptions in which exonic G4s can form and result in down-regulatory mechanisms of
translation. In one case, translation was affected by the formation of RNA duplexes (Ito
et al., 2011), and in other case this process was affected by ribosome stalling (Endoh et
al., 2013).
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Figure 3. G4 mechanisms that control transcription and translation. A) Mechanisms
that control transcription; B) Mechanisms that control translation; C) Mechanisms that
control

transcription

in

the

context

of

R-loops.

Created

with

BioRender

(https://app.biorender.com/).
16

1.6.

G4s and mobile elements

Even though some studies seek to explain the evolution and conservation of G4s
(Eddy & Maizels, 2008; F. Wu et al., 2021), in general the origin of these structures is
not discussed. Some papers attribute the origin of G4s to TEs (Kejnovsky et al., 2015;
Lexa et al., 2014a; Macas et al., 2009). These elements, that may be transposons (no
RNA intermediate) or retrotransposons (with RNA intermediate), often contain repetitive
sequences that have the potential to fold into non-B DNA, originally belonging to
functional regions of the mobile element itself (Macas et al., 2009; Sahakyan, Murat, et
al., 2017). In fact, L1PA2 and L1HS retrotransposons together contain the highest
proportion of PQS in human genomes (Lexa et al., 2014). The symbiosis among TEs
and live organisms throughout billions of years most probably transformed their own
functional parts into regulatory elements for their hosts’ genomes. These elements,
through their 3D structure, would modulate multiple biological processes including gene
expression, as previously discussed, and recombination.
The first time a PQS was reported in TEs dates to the end of the 20th century (Howell
& Usdin, 1997). The study showed a potassium-mediated blockage of a long
interspersed nuclear element 1 (LINE1 or L1) on primer extension occurring at the same
L1’s

3’UTR

G-rich

region

that

contained

a

PQS

repeat

(5’-

GGGGACTGTGGTGGGGTCGGGGGAGGGGGG-3'). Recently, a similar PQS was
described (5’-GGGGACTGTGGTGGGGTCGGGGGAGGGGGGAGGG-3’) and tested
for its impact in retrotransposition (Sahakyan, Murat, et al., 2017). Even though the L1
3’UTR PQS region was previously shown to block primer extension, this study
demonstrated its importance in transposable activity. The mechanism behind this effect
is still unknown, but is of great interest because it could help understanding cancers
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caused by LINE1 retrotransposition (Burns, 2017; Jang et al., 2019; Roman-Gomez et
al., 2005). A similar importance of G4s at the 3’UTRs of TEs was also reported for plants,
in which miniature inverted-repeat transposable elements (MITEs) were shown to form
hairpin-like structures in this region (Piriyapongsa & Jordan, 2008). This hairpin originally
served to produce a miRNA that self-regulates the transposon’ activity, and was further
coopted to help regulating normal plant gene expression.

1.7.

G4s in the context of human health

1.7.1. Impacts of G4s in human disease
It is well established that G4s cause genomic instability (Bacolla et al., 2016). This
instability is usually corrected by the action of helicases that resolve G4 during DNA
replication, preventing that the DNA polymerase gets stuck (Lopes et al., 2011; Y. Wu &
Brosh, 2010). When there is a problem with the dynamics of the helicases (e.g.:
mutations in the helicases genes), the lack of G4 resolving may cause replication stress
due to DNA polymerase stalling, consequently generating DSBs (McLuckie et al., 2013;
Murat & Balasubramanian, 2014; van Kregten & Tijsterman, 2014). Since these breaks
are not controlled, they often lead to the formation of irregular non-homologous DNA
ends, that are repaired in an error-prone manner by the non-homologous end-joining
DNA repair pathway (NHEJ), resulting in mutations. If these mutations occur in tumor
suppressor or oncogenes, these genes might be deregulated, generating various types
of cancer (Bulgakov et al., 2005). Not only mutations in helicases genes may lead to G4related diseases: point mutations capable of disrupting the formation of important G4s
will misbalance the genes regulated by them. For example, polymorphisms at the TP53
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intron 3 G4 result in different levels of TP53 splicing in Brazilian patients, influencing
when they would manifest their disease (Sagne et al., 2014).
Even though cancer constitutes a large portion of G4-linked disorders, other
conditions are also confirmedly correlated to abnormalities in G4 regions. From our
bibliography search, at least 21 pathologies other than cancer are linked to Gquadruplexes according to experimental data (Table 1). The causal mechanisms behind
these disorders are heterogeneous, ranging from changes in G4 conformation to
defective G4 resolving that leads to abnormal expression (Fleming, Zhu, Ding, Esders,
et al., 2019; Tang et al., 2016).
The most important example of G4 abnormality causing genetic disease regards
amyotrophic lateral sclerosis (ALS) and frontotemporal degeneration (FTD). These two
diseases share the same genetic basis and will be referred as ALS-FTD. Some studies
reported that the most common cause of ALS-FTD is the expansion of a G-rich repeat
(GGGGCC) in a non-coding open reading frame (ORF) of chromosome 9, named
C9orf72 (Dejesus-hernandez et al., 2012; Renton et al., 2011). Further studies confirmed
that the repeat may form G4s in vitro and block transcription by impairing the activity of
RNA polymerase, causing a decrease in the expression of C9orf72 gene, essential for
the correct regulation of ALS-FTD related genes (Haeusler et al., 2014).
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Disease

References

Age-related diseases

Fleming, Zhu, Ding, Esders, et al., 2019

Aging process

Fleming et al., 2018

Alzheimer

Agarwala et al., 2014; Redstone et al.,
2019; Shahid et al., 2010

Amyotrophic lateral sclerosis

Dejesus-hernandez et al., 2012

ATR-X syndrome

Li et al., 2016

Bloom syndrome

Nguyen et al., 2014

Cardiac defects

Agarwala et al., 2013

Cardiovascular disease

Fleming et al., 2018; Fleming, Zhu, Ding,
Esders, et al., 2019; Zhou et al., 2013

Congestive heart failure

Lin et al., 2012

Diabetes

Fukuhara et al., 2017; Kaulage et al., 2016

Eye-related diseases

Agarwala et al., 2013

Fragile X syndrome

Darnell et al., 2001; Suardi & Haddad,
2020; Zalfa et al., 2003

Hereditary hyperferritinemia cataract syndrome Agarwala et al., 2014
Inflammation

Fleming, Zhu, Ding, Esders, et al., 2019

Neurological disease

Farhath et al., 2015; Fleming et al., 2018

Obesity

Kaulage et al., 2016

Obstetric complication

Inagaki et al., 2019

Parkinson

Shahid et al., 2010

Progressive myoclonus epilepsy

Saha & Usdin, 2001

Pubertal onset disorders

Huijbregts et al., 2012

Traumatic brain injury

Fleming, Zhu, Ding, Esders, et al., 2019

Werner syndrome

Tang et al., 2016

Table 1. List of diseases impacted by the G4 location-specific effect in expression.
Publications linked to cancer are not included.
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1.7.2. Impact of G4s in diagnostics and therapeutics
The roles of G4s in gene and protein expression, together with the fact that G4s are
present in genes that are linked to disorders, make this structure an attractive subject for
both genetic diagnostics and drug targeting. Studies of MCL-1 gene resulted in a patent
of its quadruplex sequence that could be used for leukemia diagnostic purposes (Farrell
& Siddiqui-Jain, 2006, U.S. patent, 2006/0286575 A1). This patent establishes that
detecting the presence of specific polymorphic variants in the G4 sequence using
molecular biology techniques may be useful to predict the subjects’ risk of developing
cancer. Artificial G4s may also be helpful for diagnostics, being used in aptamer-based
techniques as scaffolds for G4 binding proteins that are linked to disease (Platella et al.,
2017).
Regarding G4 and therapeutics, chemical stabilizers have been employed to
selectively stabilize specific G4s, helping to maintain their non-B structures for a longer
period of time. This G4 stabilization may lead to a cascade of events, that starts on
polymerase stalling at replication forks, followed by induction of DSBs and increased
apoptosis rates, which is especially useful for the treatment of cancer (Furusawa et al.,
2012; Rothkamm & Löbrich, 2002). An alternative way in which stabilizers act to treat
cancer is by modulating the expression of cancer-related genes. For example, BMVC
and BMVC4 stabilizers are capable of binding to WNT1, thereby inhibiting its expression
and consequently decreasing the migration of cancer cells (Wang et al., 2014).
Interestingly, G4 stabilizers also have the potential to modulate non-cancer genes, like
the ones linked to influenza A (Shen et al., 2020), potentially serving as very versatile
therapeutic drugs. Different molecules developed to date (e.g.: pyridostatin (PDS); CX5461; TMPyP4, NMM-IX) ensure the formation and maintenance of quadruplexes in
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cancer cells, including CX-5461 that is currently in advanced phase I clinical trials
(Canadian trial, NCT02719977, opened May 2016).

1.8.

Caveats in the study of PQS and G-quadruplexes

Although detailed data on gene expression effects of G4s are available, most human
studies have been limited to single genes or processes, making it difficult to understand
general trends and associations. Also, there is still not a focused study on the most
common PQSs in mammalian species, how they evolved and how the most common
human PQS can be linked to health and disease states. In this dissertation, we will focus
on the peculiarities of G4 regulation in transcription and translation, and highlight
evolutionary features of G4-22, the most commonly found G-quadruplex repeat in the
human genome.
Our specific aims are:
1) Resolve gaps in knowledge regarding PQS impacts in gene behavior and disease;
2) Assess sequence polymorphisms of G4-22 as well as its possible biological role.
We hypothesized that:
1) G4 structures influence expression differently depending on their genomic
location;
2) The newly discovered G4-22 has variable flanking sequences in higher primates
genomes, that help to infer evolutionary patterns;
3) G4-22 within conserved L1 retrotransposons modulates their retrotransposition.
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As we catalogue the impact of G4s, new mechanisms of gene regulation that are
relevant to human disease will be identified, with the potential of improving the life quality
of people who have diagnosed or undiagnosed G4-related disorders.
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2. MATERIAL AND METHODS
2.1.

Systematic literature search

To build the introductory part of this dissertation, we performed a systematic search
for papers regarding the impact of G4 in expression. We used the following search terms:
PubMed:

((quadruplex[Title/Abstract])

OR

(G4[Title/Abstract]))

AND

(gene

expression[Title/Abstract]); Google Scholar: allintitle: gene expression quadruplex OR
g4. The searches were performed on September 12, 2020, and no restrictions were
applied to the year of publication. 507 and 50 unfiltered results were retrieved from
PubMed and Google Scholar, respectively. The publications were further selected and
considered for the introduction if they: 1) were original research papers; 2) comprised
the study of human genes; 3) had G4 as a focus; 4) did not focus on the development of
G4 chemical stabilizers; 5) precisely defined the regulatory location of the studied G4.
Extra literature was also considered to support this dissertation, and new searches were
performed as needed.

2.2.

G4 DNA search algorithms

An in-house C++ parallel algorithm, named C++Quad, was used to search for PQS
patterns in genomes extracted from NCBI (https://www.ncbi.nlm.nih.gov/) and UCSC
Genome Browser (https://genome.ucsc.edu/). The original PQS search pattern used
was: G[3] N[1-7] G[3] N[1-7] G[3] N[1-7] G[3] (at least three G’s in a row, followed by
loops of 1 to 7 nt). Modifications to the search pattern were made depending on specific
PQS of interest and on the necessity of retrieving flanking sequences. Quadron was used
mainly for G4-22 studies and as a comparison to our C++ algorithm. Quadron returns a
stability Q score developed according to machine learning methods. A Q score <19
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indicates a weak/unstable structure, and a Q score of >=19 indicates a strong/stable
structure. The software was downloaded from http://quadron.atgcdynamics.org/ .

2.3.

Bioinformatics gene expression analysis

Lists of genes containing PQS were created intersecting PQS coordinates from the
C++Quad algorithm and gene coordinates from RefFlat and RefGene files (UCSC
Genome Browser). These lists were filtered according to PQS regulatory location (e.g.:
TSS, 5’UTR, 3’UTR, etc.) or specific sequence (G4-22 or G4-HS). Normalized protein
expression data was used from The Human Protein Atlas (Uhlén et al., 2015) or TCGA
(https://portal.gdc.cancer.gov/ – only cancer types with 10 or more samples for both
normal and cancer tissue). We used R (https://www.r-project.org/) to generate
expression boxplots and heatmaps (ggplot2 v. 4.0.3; ggpub4 v. 0.4.0; pheatmap v.
1.0.12).

2.4.

PANTHER gene enrichment analysis

The same gene lists used for the gene expression analysis were submitted to the
PANTHER online GO tool (http://geneontology.org/). We used Bonferroni correction and
considered Biological Process, Molecular Function and Cellular Component GO term
classifications. In the case of G4-22 genes, only the genes with density of G4-22 higher
than the whole genome G4-22 density (2.37 G4-22 sequences per million nt) were used
for PANTHER submission. Enrichment score -1 and –log of p-value were calculated and
plotted using GraphPad Prism v. 8.0.0.
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2.5.

MFold delta-G analysis across the human genome

We developed a computer program written in C to run MFold (Zuker & Jacobson,
1998) genome-wide in order to predict the formation of genomic hairpins. The program
separates human chromosomes in bins of length = 500 nt. We ran MFold on each of the
bins, using the standard command line (mfold SEQ=sequence.fasta NA=DNA). The
delta-G values were plotted using Microsoft Excel (2016 edition) and the comparison of
delta-Gs and G4 density per chromosome was made using linear regression (R
packages: tidyverse v. 1.3.0; ggpubr v. 0.4.0).

2.6.

G4 at mutations and replication origins

Human mutations and replication origins coordinates were retrieved from the
Catalogue

of

Somatic

Mutations

in

Cancer

(COSMIC)

(https://cancer.sanger.ac.uk/cosmic), Human Gene Mutation Database (HGMD)
(http://www.hgmd.cf.ac.uk/ac/index.php) and Langley et al. (2016). The whole COSMIC
database

of

somatic

mutations

(August

2020

version

-

CosmicCompleteTargetedScreensMutantExport.tsv) was used to extract the genomic
coordinates of cancer-causing mutations. HGMD whole database (June 2019 version –
hgmd-hg38.bed) was used to extract disease-related germline mutations. Ini-seq results
(Langley et al., 2016) were used to retrieve replication origins coordinates with the
stringent p-value of 10-5. All these coordinates were intersected to PQS coordinates
using an in-house Python script.
2.7.

Transposable elements statistics

Nested repeats tables from UCSC Genome Browser were used to extract TEs
coordinates, that were then intersected to G4-22 coordinates. G4-22 contained within
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TEs were classified according to transposons classes and subclasses, and nested L1s
containing G4-22 had their size assessed. Consensus sequences of the 3’UTR portion
of

different

L1

subclasses

were

aligned

using

MUSCLE

(https://www.ebi.ac.uk/Tools/msa/muscle/) and the final alignment was displayed using
Jalview (https://www.jalview.org/).

2.8.

ChIP-seq analysis

G4 Chromatin Immunoprecipitation Sequencing (ChIP-seq) data from Shastri et al.
(2018) was re-analyzed in order to evaluate the in vivo formation of G4-22 and G4-HS in
the 3’UTR portion of L1PA2 and L1HS retrotransposons, respectively. Raw reads are
available on https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99205. An inhouse R script developed by a collaborator was used to plot the normalized ChIP signal
in the region of the LINE1 retrotransposons.
In order to plot G4-ChIP-seq data using Integrative Genomics Viewer (IGV), we
aligned the ChIP reads to hg38 genome using STAR (v. 2.7.2b), converted the .sam
alignment file to .bam using Samtools (v. 1.10) and, finally, converted the .bam file to .bw
using deepTools (v. 3.1.3).
HLTF

ChIP-seq

files

were

(https://www.encodeproject.org/),

generated

by

and

the

are

.bw

file

that

was

used

Consortia

available

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE91466,
processed

ENCODE

for

including
IGV

at
a

pre-

visualization

(GSE91466_ENCFF131BZQ_fold_change_over_control_GRCh38.bigWig).
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2.9.

Evolutionary flanking sequences analysis

Using higher primates’ genomes, flanking sequences of 10 nt length from both sides
of G4-22 and G4-HS were assessed using the C++Quad search algorithm with modified
search pattern. The most common flanking combinations were counted and plotted. An
evolutionary tree containing the species used for the analysis was assembled using
TimeTree (http://www.timetree.org/) in order to compare the flanking sequences results
to the higher primates irradiation.

2.10. In vitro G4-22 formation and mutations assay
G4-22

oligos

were

ordered

from

Integrated

DNA

Technologies

(IDT)

(https://www.idtdna.com/) and resuspended in double distilled water (ddWater) (2 mg/mL
stock). DNA and 10x G4 buffer (100 mM Tris-HCl pH 7.5, 1 M KCl) were mixed using the
proportion 1:9, and samples were heated and cooled down slowly using C1000 Touch
Thermal Cycler (BioRad) (95oC for 10 min, followed by 0.5 oC decrease per sec until
reaching 10oC). The heated samples were then run into 10% polyacrylamide gels in TBE
buffer (ThermoFisher) at 75V, 4oC for around 1:30 h. In the case of oligos without
fluorophores, gels were soaked in a solution of 10 mL of ddWater and 10 µL of SYBR
Safe for 10 min, followed by brief ddWater wash. Bands were visualized under UV light.
To test the effect of G4-22 mutations on structure, we designed different FAM
fluorescent-labelled G4-22 mutants that are resistant to MRE11 cleavage. The G4s at
the oligos were formed using the same technique described above. Samples were
incubated for 1:30 h at 37oC with 2 µM MRE11 (WT or H129N nuclease mutant) with or
without 1 mM manganese (MnCl2). After the incubation period, samples were run into a
5% TBE gel at 180V for 20 min in TBE buffer.
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2.11. Circular dichroism assay
According to a published paper (L. Sheng, M. Christopher, 2016), we created an
adapted circular dichroism (CD) protocol: 50 µL of different G4-22 solutions were
prepared according to the previous section. Samples were heated at 95oC for 10 min,
slowly cooled down to 10oC (0.5 oC per sec) and then diluted up to 500 µL using 1x G4
buffer or ddWater. Samples were left equilibrating at 4oC overnight. The next day, 500
µL of secondary structure negative control (100 µg oligos; 100 mM NaOH) was prepared
prior CD reading. CD spectra of the samples and their respective buffers were recorded
using a Jasco J-810 Spectropolarimeter (JASCO Inc.) with the following parameters:
340–200 nm wavelength range, 1.0 nm step size, 200 nm/min scanning speed, 1.0 nm
bandwidth, 2 s integration time, standard sensitivity with 4 scans averaged. The data was
corrected subtracting the buffer spectra to the sample spectra.

2.12. Size-Exclusion Chromatography Small-angle X-ray Scattering of G4-22
DNA
100 µL of G4-22 oligos solution was prepared according to the in vitro formation
protocol previously described. 50 mL of G4 buffer was prepared to equilibrate Size
Exclusion Chromatography Small-angle X-ray Scattering (SEC-SAXS) column. Samples
were shipped overnight to SIBYLS beamline (Classen et al., 2013) for data collection.
Results were analyzed using Scatter IV (http://www.bioisis.net/tutorial/9) and FoXS
online tool (https://modbase.compbio.ucsf.edu/foxs/). Protein envelopes were predicted
and overlapped with crystal structure using DAMMIF (Franke & Svergun, 2009).
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2.13. High resolution crystal structure of G4-22 DNA
G4-22 oligos were crystalized under the following conditions: 20% PEG 1450, 0.4%
BME and 200 mM Imidazole/Malate buffer pH 6.4. Samples were flash-cooled in liquid
nitrogen using 25% ethylene glycol and shipped to Advanced Light Source beamline
(ALS – Berkeley, CA) for data collection. Different DNA quadruplexes were used for
molecular replacement. After crystallization, fitting/refinement was performed using
Coot/Phenix v. 0.5 or higher. Final structural figures were created with Pymol (v. 2.4.1)
and Chimera (v. 1.14).

2.14. Preparation of promG4 and promRAND constructs
promG4 and promRAND were designed from pcDNA3.1(+)-N-eGFP backbone
(Addgene - https://www.addgene.org/). promG4 has CMV promoter replaced by an
active promoter containing G4-22 (ENSEMBL Regulation code: ENSR00000029170)
and promRAND has the same replacement but with a random non-hairpin sequence
instead of the quadruplex sequence. The gene synthesis and cloning procedure was
performed by GenScript (https://www.genscript.com/).

2.15. Expression kinetics assays
HEK293T cells were seeded into a 24 wells plate using approximately 0.1 million cells
per well. The next day, confluence was checked and under 80% confluence cells were
transfected using the jetPRIME system (https://www.polyplus-transfection.com/) with 0.5
µg of mammalian plasmids constructs (promG4 or promRAND), including an
experimental control with regular CMV promoter (pGFP) and mock. Transfected cells
were imaged using an ImageXpress Pico System (Molecular Devices) at 24 h, 48 h and
30

96 h after transfection. The fluorescence was quantitatively measured using ImageJ
(Schneider et al., 2012) (“Analyze particles” option). The results were plotted and
statistically analyzed with GraphPad Prism v. 8.0.0. After 96 h, cells were lysed using
RIPA buffer, purified and prepared for Western-Blot using anti-GFP (mouse) antibody
(Cell Signalling - https://www.cellsignal.com/).
For experiments with G4 stabilizers, the transfection was performed in 96 wells
plates. Each sample was prepared in triplicates. Just after transfection, 5 µM PDS
(ToCris - https://www.tocris.com/) was added to the cells, according to previous in vitro
tests (see “Appendix”, Figure A2) and the compound IC50 (0.89-10 µM). Pictures were
taken after 24 h, 48 h and 72 h of transfection + stabilizers treatment. The results were
analyzed as described above.

2.16. Western-blotting
Samples of interest were mixed in Laemli buffer, boiled for 5 min and spun down at
top speed for 2 min. Supernatants were loaded into a polyacrylamide gradient gel (4-15
or 4-20%) and ran for ~30 min at 200 V in SDS buffer. PVDF membrane was cut and
soaked into methanol for 5 min and then briefly washed with ddWater. The washed
membrane along with filter paper and the gel were soaked into transfer buffer (48 mM
Tris, 39 mM glycine, 20% methanol, 0.04% SDS) and the assembled sandwich was put
into a semi-dry Trans-Blot Turbo Transfer System (Bio-Rad) for membrane transfer (30
min, standard program). After gel transfer, the membrane was briefly washed with
ddWater and blocked for 1 h with 5-10 mL of blocking buffer (3-5% milk diluted in Tris
buffered saline with Tween (TBST) [19 mM Tris base, 137 mM NaCl, 4.05 mM EDTA,
0.1% Tween 20]). After blocking, the membrane was incubated overnight at 4 oC with 331

5 mL of 1:1000 diluted primary antibody. The next day, the membrane was washed 3
times in TBST (5 min per wash) before being incubated with 3-5 mL of 1:1000 diluted
secondary antibody for 1:30 h. Finally, the membrane was washed 3 times with TBST
and soaked for 3 min with Clarity Western ECL Blotting (Bio-Rad) substrate for
visualization.

2.17. Pull-down assays with streptavidin beads
We used Gao et al. (2015) adapted pull-down protocol to perform our experiments.
500 mL of HEK293F cells were cultured in FreeStyle 293 media (Gibco), pelleted and
frozen after reaching satisfactory optical density. A total of 50 µL of 8 µM biotin-labeled
G4-22 or T-track (dT) oligos (IDT) were prepared using G4 buffer. Samples were heated
to 95oC for 10 min and slowly cooled down. In parallel, 10 mg of streptavidin-coupled
magnetic beads (ThermoFisher) was washed five times with beads washing buffer 1 (10
mM Tris pH 7.5, 1 mM EDTA, 300 mM KCl) and resuspended in the same buffer to a
final concentration of 10 mg/mL. Each oligos samples were mixed to half of the washed
beads plus G4 buffer, resulting in a final volume of 2 mL. Samples were incubated
overnight at 4oC, under gentle agitation. After incubation, beads were washed three times
with beads washing buffer 2 (25 mM Tris-HCl pH 7.5; 250 mM KCl; 5% glycerol; 5 mM
BME) and diluted in 1 mL of the same buffer. Pelleted cells were thawed on ice,
resuspended in 10 mL lysis buffer (25 mM Tris-HCl pH 7.5; 500 mM KCl; 10% glycerol;
5 mM BME; 0.1% Nonidet NP-40; 3x protease inhibitor) and lysed using a Dounce
homogenizer (20 strokes) and sonication (25% amplitude). After lysis, 10 mL lysis buffer
without KCl was mixed to the sample in order to decrease the KCl concentration that
could compromise the next steps. The lysate was cleared through centrifugation at
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20,000 rpm for 1:30 h at 4oC. 10 mL of the lysate supernatant was mixed to the DNAconjugated beads and incubated for 3:30 h at 4oC, under agitation. After the second
incubation, the beads were collected, washed 10 times with beads washing buffer 2 and
resuspended in 1 mL of the same buffer. Half of the samples was boiled in 400 µL Laemli
buffer for further downstream analysis, and the other half was sent for massspectrometry at the MD Anderson Proteomics Facility. The results were analyzed with
Mascot (v. 2.7.0). The proteins differentially identified in the G4 sample were considered
valid if represented by at least five molecules.
The protocol with HEK293T was scaled down and performed slightly differently.
Instead of growing 500 mL of cells per sample, we grew two 15 cm confluent dishes.
After reaching 80% confluence, each plate was transfected with the following transfection
mix: 70 µL formed G4 biotinylated oligos (~370 µM), 1.6 mL transfection buffer and 32
µL jetPRIME reagent. 24 h later, the media was aspirated, and dishes were cleaned 12x with ice-cold PBS. After that, the transfected cells were collected using 5 mL lysis
buffer and scraped off using a spatula. Cells were gently harvested using a Dounce
homogenizer (20 strokes) following one passage through a 25 5/8 needle. Samples were
centrifuged and the supernatant was incubated with the washed beads like previously
described. Two thirds of the samples was used for mass-spectrometry analysis.

2.18. Subcellular fractionation
We adapted a protocol from Abcam (https://www.abcam.com/protocols/subcellularfractionation-protocol). Mammalian cells (HEK293 T and T-rex) were cultured into 10 cm
dishes until reaching 80-100% confluence. Then, cells were scraped off from plates using
500 µL fractionation buffer (20 mM HEPES pH 7.4, 10 mM KCl, 2 mM MgCl 2, 1 mM
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EDTA, 1 mM EGTA, 1 mM DTT, protease inhibitor), transferred to 1.5 mL centrifuge
tubes and incubated for 15 min on ice. Cells were passed through a 27-gauge needle 10
times and then incubated on ice for 20 more min. Samples were centrifuged at 3,000
rpm for 5 min at 4oC and the supernatant was temporarily reserved on ice. The pellet
was resuspended in 500 µL fractionation buffer, passed through a 25-gauge needle 10
times and re-centrifuged at 3,000 rpm for 10 min at 4oC. The supernatant was discarded
and the pellet resuspended using 100 µL TBST, resulting in the nuclear fraction. The
reserved supernatant was centrifuged at 8,000 rpm for 5 min at 4 oC, the pellet was
resuspended in 100 µL TBST (mitochondrial fraction) and the supernatant was
considered to be the cytosolic fraction. Nuclear and cytosolic fractions were used for
further Western-blotting.

2.19. Retrotransposition assays
Sequences of G4-22, G4-HS and G4 knockout (KO) were cloned into tet-L1rp-GFPAI

plasmid

using

the

standard

Gibson

Assembly

methodology

(https://www.addgene.org/protocols/gibson-assembly/). HeLa rtTA cells were seeded in
six-well dishes at a density of 2 × 105 cells per well and grown in DMEM complete media
(10% FBS, 2% Pen-Strep). The day after, cells were transfected with the FuGENE HD
transfection reagent (Promega) according to the manufacturer’s protocol. Each
transfection well received 1 μg of plasmid DNA (G4-22, G4-HS, G4 KO or empty
plasmid), 3 μL of FuGENE HD reagent, 50 μL of OptiMEM and 2 mL of DMEM complete.
Puromycin selection (1 μg/mL) was started 48 h after transfection. Puromycin-resistant
cells were selected by growth in DMEM complete containing 1 μg/mL puromycin until no
more cell death was observed (for about 1 week).
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2.20. Fluorescence-activated cell sorting
After 10 days of culture, cells were plated in six-well dishes at a density of 2 × 105
cells per well. 24 h later, 1 μg/mL tetracycline was added to the cells to induce
retrotranspositon. 72 h post-induction of retrotransposition with tetracycline, cells were
prepared for fluorescence-activated cell sorting (FACS) analysis by washing them twice
with PBS and then incubating for 5 min with TrypLE (Gibco). Cells were then collected
by centrifugation, resuspended in PBS supplemented with 2% FBS and kept on ice until
FACS analysis. Samples were analyzed with a SH800S Cell Sorter system (Sony
Biotechnology). 100,000 total events were monitored per sample, and fluorescence was
recorded using a blue argon laser (488 nm). Data were analyzed with the FlowJo
Software.
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3. RESULTS
3.1.

Aim 1

3.1.1. MFold analysis of genomic hairpins
A broad overlook at hairpin-like regions in the human genome helps to understand
how widespread and relevant non-B structures are. Analysis of delta-G (generated by
MFold - http://www.unafold.org/mfold/software/download-mfold.php) from random 500 nt
bins in the human genome (covering around 20% of its extension) revealed important
delta-G clusters. Regions of very low delta-G indicate the formation of more stable
hairpins, which can be interpreted as regions rich in non-B DNA, and extended regions
of less-low delta-G values can possibly indicate the baseline delta-G values for the
genome, where non-B DNA is not present (Figure 4). Chromosome 19 is the one with
the lowest delta-G average, consistent with the fact that this chromosome is more
densely populated with non-B DNA, including G4 motifs (Figure 5B).
Linear regression comparing the delta-G and density of different non-B repeats (G4
repeats, direct repeats, inverted repeats, mirror repeats, short tandem repeats and ZDNA repeats) per chromosome revealed an important negative correlation only for G4
repeats (R2 = 0.917; p-value = 1.32e-13) (Figure 5). This finding suggests that G4s might
be the most stable non-B DNAs in the human genome, representing relatively well the
distribution of secondary structures overall. A subtle positive correlation is observed for
inverted repeats (R2 = 0.574; p-value = 1.07e-05), which mostly form simple hairpin
structures that are overall less stable than the more complex non-B DNA structures. This
MFold analysis is innovative and may indicate important focal regions for the study of
non-B DNA structures, including G-quadruplexes.
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Figure 4. MFold delta-G bins per chromosome (hg38). Histograms summarizing
delta-G clusters per chromosome. Red boxes: gaps (N) – heterochromatin; green boxes:
“flat” delta-G regions; purple boxes: major low delta-G clusters.
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Figure 5. Correlation among delta-G average and non-B DNA density. A) Dot-plots
displaying linear regression analysis comparing average delta-G and normalized number
of specific non-B DNA per chromosome. G4 = G-quadruplex repeats; DR = direct
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repeats; IR = inverted repeats; mirror = mirror repeats; STR = short tandem repeats; Z =
Z-DNA repeats. B) Histograms displaying G4 repeats per million nt (top) and average
delta-G (bottom) per chromosome.

3.1.2. PQS screening using bioinformatics search engines
One of the first steps to understand the dynamics of G-quadruplex DNA is to scan
the genomes of study for PQS using search algorithms. Our lab developed an algorithm
based on the following search pattern: G[3] N[1-7] G[3] N[1-7] G[3] N[1-7] G[3] (at least
three G’s in a row, followed by loops of 1 to 7 nt). This program, named here as C++Quad
search algorithm (due to programming language used for its development), is superior
to the widely used Quadparser (Julian L. Huppert & Balasubramanian, 2005) under
multiple points of view. First, its search pattern is broader, allowing for the identification
of more PQS that may be further filtered, if needed. Second, its search pattern is easily
modifiable, facilitating the parsing of non-canonical repeats as well as PQS flanking
sequences. And, finally, the code is run in parallel, allowing for faster retrieval of results.
The results of preliminary PQS searches for human (hg38 assembly), chimpanzee
(panTro6 assembly) and mouse (mm10 assembly) are shown in Table 2. Since G4s are
important gene expression modulators, we decided to screen the genomes for PQS
overlapping TSS. The coordinates of these sites were retrieved from the UCSC Genome
Browser

databases

of

expressed

sequence

tags

(ESTs)

(http://hgdownload.soe.ucsc.edu/downloads.html - “Genome sequence files and select
annotations”), that comprise transcript’s coordinates from both annotated and nonannotated regions. Importantly, the mouse genome seems to be proportionally richer in
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G4 sequences (0.62% of total genomic nt) than the human and chimpanzee genomes
(0.34% and 0.33%, respectively). This finding is supported by the work of Marsico et al.
(2019), that showed a larger number of PQS in the mouse genome compared to the
human genome, even though the total genome size was smaller. Regarding the
presence of PQS specifically at TSS, there is a statistically significant enrichment of
these sequences in TSS for human, but a statistically significant depletion for
chimpanzee and mouse.
A limitation of most PQS search algorithms lies on the fact that they are exclusively
sequence-based, meaning that they do not take into account experimental results about
G4 stability and actual formation. Trying to solve this problem, Sahakyan, Chambers, et
al.

(2017)

developed

a

new

algorithm

named

Quadron

(http://quadron.atgcdynamics.org/), built merging G4 sequence pattern rules and results
from G4-seq, a sequencing method that identifies quadruplexes that form considering
the genomic context (Chambers et al., 2015). We downloaded Quadron and ran it locally
for the whole human genome and compared the results to the C++Quad search. The
data is shown on Table 3. At a first glance, the difference between Quadron and the
C++Quad search Total PQS number is noticeable, the first one being approximately
double of the second. However, when analyzing the Q score, only about half of the PQS
are actually considered as stable (Q score >19), making the number of C++Quad PQS
and PQS with stable Q score comparable. The major differences among the two
algorithms would be the average PQS size (36.4 for Quadron; 27.8 for C++Quad search)
and the size standard deviation (SD) (22.6 for Quadron, 9.8 for C++Quad search). We
attribute the SD differences to the broader nature of Quadron, which identifies both
canonical and non-canonical PQS.
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PQS distribution - Human
Number of PQS nt in hg38
Total number of nt in hg38*
Number of ESTs with start site at PQS DNA
Total number of ESTs in hg38**
hg38 with PQS (%)

10,002,935
2,948,583,725
54,397
8,624,218
0.34

hg38 without PQS (%)
ESTs with start in PQS (%)**
ESTs without start in PQS (%)**
Fisher test significance

99.66
0.63
99.37
p < 0.0001

PQS distribution - Chimpanzee
Number of PQS nt in panTro6
Total number of nt in panTro6*
Number of ESTs with start site at PQS DNA
Total number of ESTs in panTro6**
panTro6 with PQS (%)
panTro6 without PQS (%)
ESTs with start in PQS (%)**
ESTs without start in PQS (%)**
Fisher test significance

9,874,095
3,018,592,990
30
17,848
0.33
99.67
0.17
99.83
p < 0.0001

PQS DNA distribution - Mouse
Number of PQS nt in mm10
Total number of nt in mm10*
Number of ESTs with start site at PQS DNA
Total number of ESTs in mm10**
mm10 with PQS (%)
mm10 without PQS (%)
ESTs with start in PQS (%)**
ESTs without start in PQS (%)**
Fisher test significance

16,373,835
2,652,767,259
10,786
4,341,907
0.62
99.38
0.25
99.75
p < 0.0001

*Ungapped length
**Without considering chrM and unmapped chromosomes

Table 2. PQS summary in human, chimpanzee and mouse (hg38, panTro6 and
mm10 genome assembly, respectively).
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Quadron

C++Quad search

Total PQS number

707,816

357,144

Total stable PQS number

363,527

N.A.

Average PQS size

36.429

27.7595

PQS size SD

22.6268
Detected by search pattern AND formed
under G4-seq conditions
Machine learning-based

9.80702

Search method
Stability score

Detected by search pattern
No score

Table 3. Comparison between Quadron and C++Quad in-house search.

3.1.3. Potential role of G4s in expression variability
It is well reported that G-quadruplexes are regulators of expression (see Introduction
– G-quadruplexes and their regulatory roles). The fact that these structures can
dynamically change inside cells, depending on salt concentration and other physicalchemical conditions, is of particular interest. From that perspective, we wanted to better
understand which tissues are more sensitive to expression variation mediated by G4.
The results are reported on Figure 6. Sparser distribution of colors between the heat
maps’ columns in the analysis of genes with PQS suggest higher expression variability
among normal tissues for PQS genes when contrasted to genes without PQS. This idea
was supported by Wilcoxon statistics comparing the standard deviations of expression
levels per gene (p < 2.2e-16).
In the analysis of tumor samples and their correspondent normal tissue (normal
original tissue), we could also see sparser distribution of colors between different tissues
for normal original tissue (Wilcoxon, p < 2.2e-16), but no difference was shown for tumor
tissue (Wilcoxon, p = 1). These results imply that G-quadruplexes may form similarly in
different cancer types, affecting expression comparably. From another perspective,
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when comparing genes without PQS among tumor and respective normal sample and
genes with PQS among tumor and respective normal sample, it is evident that genes
with PQS are the ones that vary the most among normal and tumor cells (green bars are
larger than pink bars); this is true for all the 15 cancer types analyzed.
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Figure 6. Tissue-level comparison of expression among genes with and without
G4. Expression levels were converted to –log2(fpkm + 1) and results from different
individuals were averaged. Darker colors indicate more expression and lighter colors
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indicate less expression. Wilcoxon test was used to compare the SD of expression
among different tissues. A) Heatmaps generated with The Human Protein Atlas
expression data from different tissues (Uhlen et al., 2015). Normal tissue = healthy adult
tissue. B) Heatmaps generated with TCGA expression data from different tissues and
tumors. Normal original tissue = healthy portion of tissue with cancer; Tumor tissue =
cancerous tissue. C) Columns graph representing the –logP difference of expression
among tumor tissues and their matched normal tissue (TCGA). Bars on the left part of
the graph represent cases in which the average expression of genes is larger for normal
than tumor tissue, and bars on the right part represent the opposite.

3.1.4. Prediction of location-specific G4 effect in gene expression
To better define the location-specific G4 effects in gene expression, we used UCSC
Genome Browser annotation files (RefFlat and RefGene). We mapped coordinates of
genic regions (TSS, 45 nt before TSS, 5’UTR, 3’UTR, introns and exons), intersected
them with the C++Quad search PQS coordinates and, then, found the genes containing
PQS at specific locations. As a consequence, we were able to perform a protein
expression evaluation using The Human Protein Atlas (Uhlén et al., 2015) and TCGA
expression data. We chose to analyze PQS 45 nt before the TSS (-45 TSS) because this
region contains the largest PQS nt density around the TSS (Bacolla et al., 2021),
representing the promoter region.
Our results revealed that genes with PQS at TSS, promoters, 5’UTRs and introns are
significantly more expressed than genes without them (Figure 7A). The opposite was
seen for genes with PQS at 3’UTRs and exons, that were usually less expressed. For
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the first scenario, we propose that G4s are acting mainly as functional elements that
enhance the binding of transcription factors (TSS, -45 TSS) and ribosomal proteins
(5’UTR). G4s at introns might play important roles in splicing, thereby assisting gene
expression. We performed a genome-wide screen to confirm the prevalence of PQS nt
around splice sites and saw they are enriched right upstream and downstream splice
sites or in the 5’ and 3’ ends of introns and exons (Figure 7B). Peaks above the average
PQS nt (aprox. 45 nt) could be observed around 500 nt from splice sites, reaching the
maximum of four fold enrichment at the locations -58 for 5’ splice site and +34 for 3’
splice site. Approximately 1.16% of all PQS nt in the genome are located up to 500 nt
upstream or downstream splice sites.
Possible explanations for the second scenario include the dynamics of G4 RNA. The
fact that miRNAs often bind to the 3’UTR portion of mRNAs, and the idea that many of
those regions contain non-B structures like G4 might indicate that, overall, miRNAs use
G4s as binding sites to execute their translation blockage roles. Also, because G4 RNAs
are generally more stable than G4 DNAs, it is possible that nearly any G4 that forms in
mRNA exons might cause an impairment in ribosome sliding, decreasing protein
production. Most of the human annotated RefFlat genes contain PQS (15,801 versus
4,543 without PQS), and if we only examined the overall pattern of expression of genes
with PQS we would have concluded they are up-regulators.
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Figure 7. Expression of genes with and without PQS at different locations.
Expression levels were converted to –log2(fpkm + 1) and results from different
individuals were averaged. A) Boxplots representing the expression levels of genes with
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or without PQS in different regulatory locations. In pink: genes without PQS; in green:
genes with PQS. B) XY plots representing the counts of PQS nt around 5’ and 3’ splice
sites from the whole genome.

3.1.5. Enrichment analysis of genes with PQS at specific locations
After the location-specific impact of PQS in gene expression was evaluated, we
grouped the genes according to their function. Previous studies reported that genes with
PQS are often linked to TF activity, development and cell-cell signaling (Eddy & Maizels,
2006); therefore, we examined if different results would be found for genes with PQS at
specific locations (Figure 8). Although many relevant GO terms were revealed, we
focused on those that were more distinctive (strongest p-values; very low or very high
fold enrichment); these terms are circled in blue and green in the graphs.
Genes with PQS at their 3’UTRs and exons were especially enriched in homophilic
cell adhesion terms, and genes with PQS at their 5’UTRs and introns were especially
depleted for perception of smell and olfactory receptors terms. According to our gene
expression results, genes with PQS at 3’UTRs and exons were found to have lower
expression compared to genes without PQS, whereas genes with PQS at 5’UTR and
intronic regions displayed higher expression. Since homophilic cell adhesion genes are
particularly important during development (Le Hir et al., 2003; Takeichi Masatoshi, 1988)
but their expression decreases in adult tissues, it is tempting to propose that G4
structures at the 3’UTRs and exons play a role in this down-regulation. Also, it is possible
that the tissue-restricted expression of olfactory-related genes would stem in part from a
lack of G4s at 5’UTRs and introns, which would otherwise enhance their expression.
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Figure 8. PANTHER GO enrichment of genes containing PQS at specific locations.
Dot plots displaying GO terms scattered according to log Fold enrichment (x axis) and logP (y axis). Circled in green: perception of smell and olfactory receptors terms; circled
in blue: homophilic cell adhesion terms.
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3.1.6. PQS overlapping disease-related mutations
Multiple studies have reported that non-B DNA, including G-quadruplexes, are linked
to processes that lead to genetic diseases such as translocations and deletions
breakpoints (Bacolla et al., 2016; Iyer et al., 2015; Thiery, 2003), and single nucleotide
polymorphisms (SNPs) (Baral et al., 2012; Guiblet et al., 2021). Most of these studies
use sequence-based patterns to search for non-B DNA motifs in genomes and do not
distinguish stable from non-stable non-B DNA based on experimental data. The recent
release of Quadron, a bioinformatics tool that allows for the assessment of experimentalbased stability scores, enabled us to associate these scores to PQS located at disease
mutations (named PQS mutations). To this end, we used HGMD to assess germline
mutations and COSMIC to investigate cancer somatic mutations.
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Figure 9. HGMD and COSMIC analysis of mutations overlapping PQS regions (PQS
mutations). A) Most common diseases related to PQS mutations identified by classical
PQS search algorithm. B) Most common stable PQS identified by Quadron and their
context in disease mutations.
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3.1.6.1.

HGMD germline mutations analysis

The most used germline mutations databases are HGMD and NCBI’s ClinVar; we
choose HGMD because it is curated from experimentally reported pathogenic mutations.
Screening of the database revealed at least 1,198 mutations overlapping PQS regions
in the human genome (Figure 9). The most common disease terms were
“Long_QT_syndrome” (62 PQS mutations; 3.55% of all long QT syndrome mutations);
“Cardiomyopathy_hypertrophic” (21 and 0.86%); “Osteogenesis_imperfecta_I” (21 and
4.49%); “Kabuki_syndrome” (20 and 2.58%); and “Autism_spectrum_disorder” (20 and
0.42%). Long QT syndrome, cardiomyopathy hypertrophic, osteogenesis imperfecta and
Kabuki syndrome are all genetic diseases with heart-related symptoms, suggesting a
role of G-quadruplexes in this vital organ. With respect to autism spectrum disorders, it
is likely that the association with PQS mutations arises in part from the very large number
of mutations in >300 genes reported to be linked to its symptoms (#1 in “All mutations
ranking”).
To assess whether these mutations were located at stable PQS, we classified PQS
according to Q scores using Quadron and selected the disease mutations with Q >=19.
From the 1,198 initial mutations, only 351 were located at stable PQS (29.21%). We then
selected some sequences to investigate their biological context. The PQS HGMD1
located at MEN1 exon has 17 germline mutations linked to multiple endocrine neoplasia
type 1 susceptibility. These mutations are classified as deletions, duplications and
insertions. HGMD2, 3 and 4 have 10 mutations located at COL1A1, MYBPC3 and
COL1A1 exons, respectively. HGMD2 and 4 are both found at the same gene, are
spaced by around 4,000 nt and are linked to bone formation disorders (osteogenesis
imperfecta and Ehlers-Danlos syndrome). These bone disorders also have heart
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symptoms, such as poor heart valve function and increased heart rate after standing up,
which are characteristics also shared by HGMD3-linked disorders (cardiomyopathy
hypertrophic and cardiomyopathy left ventricular noncompaction).

3.1.6.2.

COSMIC cancer somatic mutations analysis

COSMIC is a well curated cancer mutations database, particularly interesting
because it provides free-access data to any person associated to a research institute.
Also, it provides a very large dataset of cancer somatic mutations and their associated
genes and tumor tissue. We used this dataset to conduct the analysis performed with
HGMD. Liver was the primary tumor site with more reported PQS overlapping mutations
(980 – 0.13% of all liver mutations), followed by large intestine (926, 0.02%), upper
aerodigestive tract (696, 0.06%), haematopoietic and lymphoid tissue (488, 0.01%) and
meninges (418, 0.01%) (Figure 9).
Contrary to HGMD, the COSMIC database does not only display mutations with a
reported pathogenicity; therefore, for the Quadron stability analysis we considered only
the “pathogenic” classified mutations. The PQS with most somatic mutations was
GGGGGGTGGCTCAGGGGAGGGTGTGGG (COSMIC1) in the exon of PTCH1 gene,
with 69 reported mutations, which occurred in skin, lung, oesophagus, meninges and
large intestine tumors. The second PQS with highest mutations (COSMIC2) had
significantly less mutations than COSMIC1 (39 versus 69), even though COSMIC2
displayed a higher Quadron score. Interestingly, the four PQS with most somatic
mutations all have reported mutations in skin cancer, perhaps because of pyrimidine
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dimers due to UV-related damage that are widely reported in G4 regions (Lee & Matsika,
2017).

3.2.

Aim 2

3.2.1. The discovery of G4-22
After studying general features of PQS in the human genome, we wanted to better
understand how PQS DNAs are distributed within mammalian species. Like many other
repetitive sequences, G4s are often contained within TEs, so we also wanted to unveil
which TEs were more often co-localized with PQS. Using the C++Quad search algorithm
output from different mammalian genomes available in UCSC Genome Browser, we
created histograms of the number of PQS DNA classified by size and of PQS DNA
density (Figure 10).
The black lines on the “PQS_distribution” column highlight the average size of PQS
DNA. These histograms show that most mammals have 0.5 to 2.5% of their genomes
covered by PQS, and that the average size of PQS per genome ranges from 20 to 60 nt.
We checked the TEs that more commonly contained these repetitive sequences and,
interestingly, most mammalian species have their PQS contained within LINE1
retrotransposons, except for the opossum, an ancient mammal that has SINE1
transposons as the main PQS carriers. A case worth highlighting regards the most
common PQS in mouse (Mus musculus – mm10 assembly), that is notably large (66 nt)
and might be part of a hypervariable ultra-long telomeric sequence (Kipling & Cooke,
1990).
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Figure 10. PQS DNA in repetitive elements across different species. Most recent
versions of the genomes were downloaded and analyzed using an in-house PQS search
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algorithm to find the most common PQS patterns in each species. “PQS_DNA
distribution”: size and number of G4 DNA-forming sequences genome-wide; “Most
common repeat”: most common pattern found in each species; “TE”: transposable
element containing the pattern; “% in genome”: % of the most common repeat relative to
all G4 DNA-forming sequences.

The finding that there is a preferential G4 repeat in the human genome prompted us
to investigate the biological context of this 22 nt PQS, named here G4-22. A comparison
of the numbers of G4-22 in mammalian species and different human genomes revealed
that only human and chimpanzee had significant counts of G4-22 (approximately two
G4-22 per million nt) (Table 4). When analyzing the presence of G4-22 among different
human assemblies, we saw a small variation of G4-22 density among different individuals
(1.6 to 2.4 G4-22 per million nt, SD = 0.248), that might be partially explained by
sequencing and assembly methods variation (including possible stalling of DNA
polymerase during sequencing amplification) and partially by population variation.
To better understand the potential formation of G4-22 in the genomic context, we
used data from Quadron (Figure 11A). We investigated the potential stability and strand
preference of different G4-22 throughout the human genome. The results show that G422 is evenly distributed among plus and minus strand and that most G4-22s form stable
G4 structures (Q score larger than 19 - 79.52%). In addition, most G4-22s were part of
larger G-quadruplexes (larger than 22 nt - 95.49%), meaning that G4-22 is a conserved
region within a large number of more complex G-quadruplexes.
Even though the majority of G4-22s seemed to be contained within LINE1
retrotransposons, we were aware of the possibility that these sequences could also
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belong to other TEs. Bioinformatics analysis confirmed that this PQS was prevalent
within transposons (62.1%), LINE (80.2% from transposons) and L1 retrotransposons
(89.1% from LINE) (Figure 11B), even though this sequence may also be found at long
terminal repeats (LTR), unclassified TEs (DNA), short interspersed nuclear elements
(SINE), satellite and small nuclear RNAs (snRNA). The median size of L1 containing G422 (G4-22-L1) was 3,774.5 nt, but nested transposons of up to 38,253 nt also contained
G4-22 sequences (Figure 11C).
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A

Organism (genome
version)
Human (hg38)
Chimp (panTro6)
Baboon (papAnu4)
Marmoset (calJac3)
Mouse (mm10)
Rat (rn6)
Rabbit (oryCun2)
Pig (susScr11)
Cow (bosTau6)
Sheep (oviAri4)
Opossum (monDom5)
Zebrafish (danRer11)
Worm (ce11)

G4-22
sequences
6,987
6,264
309
6
6
3
1
4
4
1
9
-

G4-22 per
million nt
2.370
2.075
0.105
0.002
0.002
0.001
0.000
0.002
0.001
0.000
0.003
-

B
G4-22
sequences

G4-22 per
million nt

Genome assembly

Assembly ploidy

Ethnicity and disorder

Ash1.7

Haploid

Caucasian

6,726

2.222

CHM1_1.1

Haploid

CHM1htert cells (Complete
hydatidiform mole)

6,837

2.418

CSA

Haploid

N.A.

4,943

1.861

HG00514_prelim_3.0

Haploid

Han Chinese (Southern)

5,788

2.020

HG00733_Phased_Diploid

Diploid

Puerto Rican

6,618
6,628

2.287
2.291

GRCh38.p13 (hg38 reference)

Haploid

N.A.

6,987

2.370

HS1011_v1.1

Haploid

American with recessive form of
Charcot-Marie-Tooth Type 1 disease

4,755

1.694

HuRef diploid

Diploid

European - England

6,183
6,084

1.923
1.892

KOREF1.0

Haploid

Korean

6,099

2.094

NA12878_prelim_3.0

Haploid

Utah/Mormon

5,834

2.046

NA19240_prelim_3.0

Haploid

Yoruban family trio Y117

6,416

2.238

WGSA

Haploid

N.A.

4,371

1.622

6,019
812.866

2.070
0.248

Average:
SD:

Table 4. Prevalence of G4-22 in mammalian species (A) and different human
individuals (B).
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Figure 11. Summary of G4-22 and its presence at L1 retrotransposons. A) Quadron
analysis of G4-22. “Stability” indicates the Q score results (<= 19: weak; >19: strong),
“Strand” indicates in which DNA strand G4-22 is located, “Size” indicates the size of the
full PQS repeat containing G4-22. B) Types of transposable elements containing G4-22
and distribution of G4-22 among these different categories. C) Size distribution of nested
L1 retrotransposons containing G4-22.

3.2.2. G4-22 at the 3’UTR of LINE1 retrotransposons
A recent study showed that G-quadruplexes similar to G4-22 are mainly located within
L1 3’UTRs, with important effects in retrotransposition efficiency (Sahakyan, Murat, et
al., 2017). This finding suggests that G4-22s might impact retrotransposons transcription
and/or activity, leading to important genomic outcomes. We complemented the paper’s
findings aligning the whole 3’UTR region of different LINE1 subclasses present in human
(Figure 12), which showed that all LINE1 subclasses share a high degree of similarity
and

contain

two

main

purine-rich

clusters,

which

consensus

sequences
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“AGGGAGGGGAA”

and

“GGGGGGTGGGGGGTGGGGGGAGGGAGAGCATTAGGAGAAA” – the cluster that
contains representatives of our G4-22.
G-quadruplexes similar to G4-22 with few nucleotides difference, as well as G4-22
itself, were located approximately at the 60th 3’UTR nt. Interestingly, the regions
containing G4s with approximate size of 22 nt may be expanded to larger versions of
approximately 34 nt, if including 8 nt downstream loops. It was also notable that the most
recent G4 version, that belongs to L1HS retrotransposons (G4-HS), has a 1 nt difference
over G4-22 that seems to affect G4 stability (see section “Effect of mutations in G4-22
stability”).

Figure 12. Alignment of the 3’UTR region of human LINE1 retrotransposons. In
pink: purines; In green: pyrimidines. Black bars display the percentage of total nt
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represented by the consensus nt for that position. Used with permission of collaborator
Dr. Jef Boeke, who performed the 3’UTR alignment and created the figure.

3.2.3. G4-22 and G4-HS formation in the human genome and their evolutionary
context
The fact that PQSs are present in genomes is not enough to prove the tridimensional
non-B DNA folding of these regions. A recent study applied the ChIP-seq technique in
order to detect G4s using a biotinylated probe that binds specifically to folded Gquadruplexes (Hänsel-Hertsch et al., 2018). We used their raw results, deposited in the
Gene Expression Omnibus database (GEO) (https://www.ncbi.nlm.nih.gov/geo/), to plot
ChIP signals across L1PA2 (G4-22 carrier) and L1HS (G4-HS carrier) extension (Figure
13A and B). Remarkably, there were two major peaks with G4 formation in both
retrotransposons subclasses – one in the 5’UTR portion and the other in the 3’UTR
portion. While the G4 formation in the 3’UTR represents G4-22/G4-HS, we could not
immediately explain the high G4 formation signal in the 5’UTR in these elements.
After confirming the formation of G4-22 and G4-HS in LINE1, we investigated their
evolution throughout higher primates species as to gauge their biological relevance.
Since these PQSs are highly conserved, we used their flanking sequences (10 nt
upstream and downstream) to infer sequence-based evolution (Figure 13C). We noted
an evolutionary preference for approximately four pairs of G4-22 flanking sequences in
most of the higher primates, that together represent more than 50% of the total pool of
flanking sequences. The most common G4-22 flanking pair in human, chimp and bonobo
is “ggactgttgt-atagcattag”, but different preferred sequences are displayed in orangutan
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(ggactgttgt-atagcattgg) and gibbon (ggactgttgt-acagcattag). Both species strongly prefer
their primary set of flanking sequences, which represent, respectively, 39.43% (3,701 of
9,387) and 53.89% (3,953 of 7,335) of the total G4-22 flanking pairs.
When analyzing G4-HS flanking pairs, a distinct evolutionary profile can be seen.
Most higher primates display a low number of G4-HS (143-198 sequences) and no
preference for specific sets of flanking pairs. The only exception is for human, that
displays 1,065 G4-HS sequences and a strong preference for “ggactgtggt-atagcattgg”
flanking pair.
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Figure 13. In vivo formation of G4-22 and G4-HS and their evolutionary patterns.
A) G4-ChIP-seq of L1PA2 (contains G4-22 at the 3’ end) and L1HS (contains G4-HS at
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the 3’ end). Used with permission of Dr. Wilson McKerrow, who performed the analysis.
B) Histograms displaying the flanking sequences distribution of G4-22 and G4-HS in
higher primates. Each bar represents a different set of flanking pairs. C) Phylogenetic
tree representing the evolution of higher primates and their phylogenetic relationships
(Generated with TimeTree: https://www.timetree.com).

3.2.4. G4-22 structural characterization
3.2.4.1.

Crystal structure, circular dichroism and SEC-SAXS

Keeping in mind the relevant presence of G4-22 in higher primates, we performed
structural studies. The molecule was crystalized and its x-ray structure was solved at a
3 angstroms (Å) resolution (Figure 14). The two main forms of G4-22 were the
bimolecular/dimeric and the tetrameric forms. Since the tetrameric version includes the
interaction of the 3’ ends of two distinct dimeric G4-22, we believe that this conformation
results from crystal packing but is unlikely relevant in vivo. The fact that all G-tracts
aligned in the same direction indicated that G4-22 is a parallel-type structure.
To address the conformation of G4-22 in solution we used CD. CD is a spectroscopic
method that relies on the differential absorption of polarized light, revealing data about
molecular 3D structures. In the case of G4s, these structures can be: parallel (G-strands
pointing in the same direction - CD peak around 265 λ/nm); antiparallel (G-strands
pointing in opposite directions - CD peak around 295 λ/nm) and hybrid (mix of parallel
and antiparallel - CD peaks at 210, 265 and 295 λ/nm). Our results (Figure 15B) exhibit
a peak of ellipticity (θ) around 265 nm in the presence of KCl, indicating that the G4 forms
a parallel structure when in solution, in agreement with the X-ray data. Surprisingly, the
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sample without KCl also revealed the formation of a parallel G4, but the ellipticity peak
intensity was smaller than that of the KCl sample, suggesting that the G4 structure also
forms in the absence of K+ ions, albeit at lower stability, as expected. To confirm our
results, we treated the G4-22 oligos with NaOH, which disrupts any DNA secondary
structure without compromising the backbone linkages in the DNA primary chain. After
few hours of treatment we could not see the peak around 265 nm anymore, confirming
that G4-22 is able to form parallel structures.
SEC-SAXS is another well-established technique for structural analysis of particles
in solution. We prepared samples of G4-22 and collected SEC-SAXS data at the SIBYLS
beamline. The bell-shaped Kratky plot (Figures 15C and D) indicates that G4-22 is a
completely folded molecule in solution, and the intensity plot confirms that the DNA
envelopes in solution are similar to those obtained from the crystal structure.
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Figure 14. High resolution crystal structure of human parallel-type G4-22. Structural
models were displayed with Pymol and Chimera. Dotted lines in yellow are hydrogen
bonds. A) Lateral view of the predicted unimolecular G4. B) Lateral and top view of the
bimolecular G4 resolved by x-ray crystallography. Yellow region in the schematics is the
overlap of guanines from two different G4-22 molecules. Used with permission of Dr.
Chi-Lin Tsai, who analyzed the crystal structure data.
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Figure 15. G4-22 stability and formation in solution. A) Polyacrylamide gel showing
G4-22 formation in vitro. B) CD spectra of G4-22 in different buffer conditions. C) Kratky
plot from SEC-SAXS experiment. Structure parameters: Rg = 20.60; Dmax = 92.5; Px = 4;
molecular mass = 37 kDa. D) FoXS log intensity plot overlapping x-ray diffraction and
SEC-SAXS results for tetrameric G4-22. Used with permission (figures C and D) of Dr.
Aleem Syed, who analyzed the SEC-SAXS data.

3.2.4.2.

Effects of mutations in G4-22 stability

Previous experiments performed in our laboratory revealed that MRE11, a
component of the MRN complex involved in DSBs repair, binds G4-22 and,
paradoxically, cleaves its double-stranded non-G4 form (unpublished). Therefore, we
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developed an assay to predict the effect of mutations at G4-22 sequences by using its
G4 structures as substrate for MRE11 activity. Incubating both sense and antisense G422 sequences reveals the amount of G4 that is being formed in contrast to the amount
of regular double-stranded DNA. It was expected that WT G4-22 would form more nonB structures than duplex DNA when incubated with its antisense strand, also called “C4”,
and that mutants that disrupt G4-22 stability would form comparatively less non-B DNA.
Indeed, when incubating FAM fluorescent oligos with MRE11 (Figure 16), MRE11
showed more cutting for G4-m2 and G4-m3 than for G4-WT, as shown by the intensity
of the lower bands, which indicate cut DNA. We conclude that the second and third
stacks of G’s are important for the stability of this G-quadruplex.

68

Figure 16. Effects of mutations at G4-22 G-tracts using MRE11. MRE11 cleaves G422 sequence in its regular duplex DNA form. All panels show a reaction with G4 FAM
fluorescent oligos only (Substrate only), substrate incubated with WT MRE11 plus
manganese cofactor (+Mn/WT), substrate incubated with WT MRE11 without
manganese cofactor (-Mn/WT) and substrate incubated with mutant MRE11 lacking
nuclease domain plus manganese cofactor (+Mn/H129N). The first panel displays no
band of cut G4-22 (black box) in the +Mn/WT sample; all the other panels, containing
both G4 and C4 oligos, displayed G4-22 cut bands with different intensities. All the
reactions were incubated for 1:30 h at 37oC. Used with permission of Dr. Aleem Syed,
who designed and conducted the assay.
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Our data suggest that G4-22 is prevalent in the human genome and likely forms
strong non-B DNA structures in vivo. This G-quadruplex is highly G-rich (19 of 22 nt –
86.36%) which accounts for its stability, but it would be of value to understand whether
the nt in the loops affect their formation in the genomic context. We used genome-wide
Quadron results to filter G4-22 sequences as well as similar G4 with different loops to
assess their prevalence and median Q score (Table 5). As expected, G4-22 contains the
most prevalent set of loops in the hg38 human assembly (6,987 sequences), but G4s
with other nucleotides in the loops were not as common (second most common had 268
sequences). No contrasting difference was seen among the median Q scores from G4s
with different loops, suggesting that the most important components for G4-22 formation
and stability might be the tracts of guanines themselves, rather than the nt at the loops.
The fact that other loops in similar G4s exist in the human genome might be a result of
random mutations that occurred throughout the recent evolution of L1 elements.
We used the same methodology described above to compare the stability of G4-22
from L1PA2 and G4-HS from L1HS. The one nt difference in the second tract of G’s in
G4-HS, as well as differences in flanking sequences, significantly decreased the % of
G4s with high Q score (79.56% for G4-22 versus 41.41% for G4-HS) as well as the
median Q score (23.09 for G4-22 versus 16.56 for G4-HS). These results suggest that
G4-HS most probably forms a less stable G4 structure in the genomic context than G422.
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Sequence
GGGGTGGGGGGAGGGGGGAGGG
(G4-22)
GGGGAGGGGGGAGGGGGGAGGG
GGGGTGGGGGGTGGGGGGAGGG
GGGGTGGGGGGCGGGGGGAGGG
GGGGTGGGGGGTGGGGGGTGGG
GGGGCGGGGGGAGGGGGGAGGG
GGGGCGGGGGGCGGGGGGCGGG
GGGGTGGGGGGAGGGGGGTGGG
GGGGTGGGGGGAGGGGGGCGGG
GGGGTGGGGGGCGGGGGGCGGG
GGGGTGGGGGGTGGGGGGCGGG
GGGGCGGGGGGTGGGGGGCGGG
GGGGCGGGGGGCGGGGGGAGGG
GGGGAGGGGGGTGGGGGGAGGG
GGGGCGGGGGGAGGGGGGCGGG
GGGGCGGGGGGCGGGGGGTGGG
GGGGCGGGGGGTGGGGGGAGGG
GGGGAGGGGGGAGGGGGGCGGG
GGGGAGGGGGGAGGGGGGTGGG
GGGGAGGGGGGTGGGGGGTGGG
GGGGAGGGGGGCGGGGGGAGGG
GGGGTGGGGGGCGGGGGGTGGG
GGGGAGGGGGGCGGGGGGCGGG
GGGGCGGGGGGTGGGGGGTGGG
GGGGAGGGGGGCGGGGGGTGGG
GGGGAGGGGGGTGGGGGGCGGG
GGGGCGGGGGGAGGGGGGTGGG

Variations

Sequence
GGGGTGGGGGGAGGGGGGAGGG
(G4-22)
GGGGTCGGGGGAGGGGGGAGGG
(G4-HS)

Variations

T -> A
A -> T
A -> C
A -> T; A -> T
T -> C
T -> C; A -> C; A -> C
A -> T
A -> C
A -> C; A -> C
A -> T; A -> C
T -> C; A -> T; A -> C
T -> C; A -> C
T -> A; A -> T
T -> C; A -> C
T -> C; A -> C; A -> T
T -> C; A -> T
T -> A; A -> C
T -> A; A -> T
T -> A; A -> T; A -> T
T -> A; A -> C
A -> C; A -> T
T -> A; A -> C; A -> C
T -> C; A -> T; A -> T
T -> A; A -> C; A -> T
T -> A; A -> T; A -> C
T -> C; A -> T

Counts (+
and - strand)

% counts with high
Q score (19 or more)

6,987
268
75
54
41
31
28
25
17
9
5
4
3
3
3
2
2
2
1
1
1
1
0
0
0
0
0
Counts (+
and - strand)

Median Q
score

79.56
79.85
100.00
100.00
95.12
100.00
89.29
100.00
94.12
88.89
100.00
100.00
100.00
100.00
66.67
100.00
100.00
100.00
0.00
100.00
100.00
100.00
0
0
0
0
0
% counts with high
Q score (19 or more)

23.09
27.035
29.43
29.4
28.05
28.35
26.775
28.95
29.55
26.99
28.35
27.3
28.18
23.99
26.68
27.905
28.77
26.67
10.91
21.77
26.01
26.01
0
0
0
0
0
Median Q
score

-

6,987

79.56

23.09

G -> C

1,065

41.41

16.56

Table 5. G4-22-like sequences and G4-22 comparison with G4-HS.

3.2.5. Biological importance of G4-22 in the human genome
3.2.5.1.

Screening of G4-22-containing genes and gene enrichment analysis

In prior sections we highlighted how common G4-22 is in higher primates genomes
as well as how prevalent they are in retrotransposons, especially LINE1s. Inspired by
these findings, we wished to better understand how these potential new “epigenetic”
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features may impact biological processes. Therefore, we first assessed whether G4-22
tracts are located in genes by intersecting the coordinates of G4-22 with those of genes:
G4-22 was present in 1,769 uniquely annotated genes, mostly at intronic locations.
To account for the bias linked to the higher presence of G4-22 in large genes, only
genes with G4-22 density higher than expected (2.37 G4-22 per million nt) were used for
enrichment analysis (Figure 17). PANTHER results revealed that genes that are rich in
G4-22 are classified in three major categories: “nervous system development”;
“homophilic cell adhesion via plasma membrane adhesion molecules”; and “integral
component of plasma membrane”. These major clusters of GO terms suggest a role of
G4-22 in the regulation of genes responsible for connections among neurons, supporting
the intriguing hypothesis that these quadruplexes could be or were important for the
development of complex brain function in higher primates.

Figure 17. Enrichment analysis of genes containing G4-22. Dot plots displaying GO
terms scattered according to log Fold enrichment (x axis) and -logP (y axis). Enrichment
analysis was only performed with genes with G4-22 density higher than expected for the
whole genome. Dots in blue: terms linked to nervous system development; dots in
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orange: terms linked to homophilic cell adhesion via plasma membrane adhesion
molecules; dots in green: terms linked to integral component of plasma membrane.

3.2.5.2.

Impact of G4-22 in the function of a gene promoter

Previous research efforts established that G4s are enriched in certain genomic
locations, such as promoters and 5’UTR of genes. Upon screening for well-characterized
promoters containing G4-22 (annotated by ENSEMBL), we found nine candidates, two
of them classified as “active” in most cell lines (Table 6). We cloned the active promoter
reported to control five different genes (AEBP1, CAMK2B, NUDCD3, POLM, YKT6) into
an eGFP reporter plasmid to assess the G4-22 contribution in the control of gene
transcription. G4 formation was confirmed by plasmid Sanger sequencing, which showed
polymerase stalling at the third stack of G’s (see “Appendix”, Figure A1). However, even
after 96 h of transfection, no difference was seen among promG4 and promRAND
samples, and adding PDS, a G4 stabilizer, during transfection did not affect the behavior
of G4-22 (Figure 18).
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Promoter

Number of
G4-22

Activity

Genes under control

ENSR00000029170

1

Repressed/inactive

CCAR1, DDX50, STOX1, RPL12P8, SIRT1, KIFBP, DDX21, HERC4,
RPL26P27, HNRNPH3

ENSR00000100877

1

Repressed/inactive

GNAL, PRELID3A

ENSR00000195745

1

Repressed/inactive

HLA-DPB1, HLA-DPA1, HLA-DQB1, HLA-DQA2, HLA-DMA, HLADOB, RPL32P1, HLA-DRB1, HLA-DOA, HLA-DQB2, SYNGAP1,
HLA-DMB, TAPBP, HLA-DQA1, RPS18, TAP2, BRD2, PSMB8,
PHF1, TAP1, PSMB9, PRRT1

ENSR00000211806

1

Active/poised/inactive

AEBP1, CAMK2B, NUDCD3, POLM, YKT6

ENSR00000238454

1

Active/inactive

?

ENSR00000562781

1

Poised/repressed/inactive ?

ENSR00000627421

1

Active/poised/inactive

?

ENSR00000829208

1

Repressed/inactive

?

ENSR00001066863

1

Active/poised/inactive

?

Table 6. Description of G4-22 ENSEMBL promoters. “Promoter” is the ENSEMBL
Regulation code for the promoter; “Number of G4-22”, the number of G4-22 in the
promoter; “Activity”, promoter activity state; “Genes under control”, genes found to be
under

control

of

the

specific

promoter,

according

to

Gene

Cards

(https://www.genecards.org/). Promoter used for expression experiments is highlighted
in bold.
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Figure 18. Expression kinetics of eGFP constructs under G4-22 promoter
regulation. A) HEK293T expression kinetics assays with pcDNA3.1+N-eGFP constructs
(promG4 and promRAND). pGFP is a positive control (plasmid containing original CMV
promoter). Paired t-test was used to compare promG4 and promRAND fluorescence
quantification, showing no significant difference (p = 0.2138). B) HEK293T expression
kinetics assay with promG4 + PDS and promRAND + PDS. Paired t-test was used to
compare promG4 and promRAND fluorescence quantification, showing no significant
difference (p = 0.2936). C) Western blotting with anti-GFP after 96 h of transfection
without PDS. D) Fluorescence microscopy of cells after 96 h of transfection without PDS.

3.2.5.3.

Potential impact of G4-22 on replication stress

Another important characteristic of G4 structures is that they may cause a physical
impediment to DNA polymerase progression during replication. To assess whether this
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might be true for G4-22, we overlapped all G4-22 coordinates with replication origins, as
mapped by Langley et al. (2016). The presence of any PQS at replication origins was
also analyzed as a comparison. G4-22 sequences were significantly depleted at
replication origins (0.005% in the whole genome versus 0.002% at replication origins; p
< 0.0001), as expected for any PQS in general (0.339% in the whole genome versus
0.043% at replication origins; p < 0.0001) (Table 7). In light of this result and our structural
data, we speculate that G4-22-derived structures have to be resolved by specific
helicases during replication in order to avoid replication stress and DSBs.
To test this hypothesis, we pulled-down proteins in HEK293F cells that interact with
biotinylated G4-22 oligos as well as with T-tract (dT) oligos (negative control) and
performed mass-spectrometry for protein identification (Table A2, “Appendix”). Besides
the hits for cytoskeleton and other structural proteins, that are often non-specific, the only
G4-22 hit found was for DHX36, a DNA/RNA parallel G-quadruplex-specific helicase that
is essential for heart development, haematopoiesis and embryogenesis (Chen et al.,
2018). The presence of DHX36 in both HEK29F (from 2 L cultures) and HEK293T (15
cm dish) was confirmed by Western blot (Figure 19). To assess whether this helicase
would bind to the DNA or to the RNA version of G4-22, we performed subcellular
fractionation and probed the nuclear and cytoplasmic fractions of HEK293 (T and T-rex
lineages) with anti-DHX36, which confirmed that DHX36 is importantly present in the
nucleus, where it would bind DNA G4-22.

76

PQS at replication origins
Fisher test
significance
Number of nt of all PQS in hg38
Number of nt of all PQS in replication origins
Number of nt of G4-22 in hg38
Number of nt of G4-22 in replication origins

10,002,935 (0.339%)
15,288 (0.043%)
153,714 (0.005%)
670 (0.002%)

p < 0.0001
p < 0.0001

Table 7. Prevalence of PQS sequences at replication origin sites.

Figure 19. DHX36 and HLTF interaction with G4-22. A) HEK293F pull-down bands of
G4-22 and dT negative control. B) DHX36 and HLTF Western blotting of pull-down
samples in two different cell-lines. C) Cellular localization of DHX36 and HLTF in two
different cell lines. Histone H3 was used as a nuclear marker, and GAPDH as a
cytoplasmic marker.
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The fact that the pull-down with HEK293F lysates revealed only one relevant G4-22binding protein made us wonder whether the ex-vivo incubation prioritizes the binding of
DHX36 over other proteins and whether different results could be seen for HEK293T
cells. Therefore, we transfected biotin-labeled oligos into HEK293T cells prior cell lysis,
allowing for more possibilities of interaction between the oligos and endogenous
proteins. This time, the mass spectrometry results revealed 8 G4-22-binding proteins of
interest other than DHX36: YB-1, HLTF, U2AF, SCAF11, PURB, RBM39, NRNPU and
PURA (see “Appendix”, Table A3). Importantly, most of these proteins have roles in
splicing, but it is unclear how binding of splicing proteins to DNA instead of RNA would
affect the process. Strangely, UA2F, PURB, RBM39 and PURA are classical RNA
binders that have affinity for G4-22 DNA. HLTF interaction with G4-22 (Figure 19) seems
particularly attractive, since this protein is known to modulate transcription via chromatin
remodeling (G Debauve, A Capouillez, A Belayew, 2008) and replication fork reversal
(Bai et al., 2020; Kondratick et al., 2020; Tian et al., 2021), although no studies have
addressed in-vivo interaction between HLTF and G-quadruplexes.
To better understand the potential genome-wide interactions between HLTF and Gquadruplexes in the human genome, we generated bigWig files from HLTF ChIP-seq
and G4-ChIP-seq signals and displayed the overlapping peaks on IGV (Figure 20). For
most chromosomes, an overlap of G4-rich regions with HLTF-rich regions is visible,
indicating the potentially relevant relationship of G4s with HLTF chromatin remodeler.
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Figure 20. ChIP-seq peaks of HLTF and G4 on chromosomes 21 and 22. The scale
for HLTF peaks is 0-1.14 and for G4 peaks is 0-37. Generated using IGV.

3.2.5.4.

Role of G4-22 and G4-HS in LINE1 retrotransposition

A recently published paper indicated that a 3’UTR 34 nt G4 sequence is capable of
increasing the retrotransposition levels of a LINE1 retrotransposon (Sahakyan, Murat, et
al., 2017). The 34 nt G4 studied is an extended version of G4-HS that includes a
downstream extra tract of G’s separated by an 8 nt loop. Our collaborators from Dr. Jef
Boeke’s lab at New York University, who routinely use the same in vitro retrotransposition
assay, reproduced the assay using both G4-HS and G4-22 sequence.
In the first experiment, FACS fluorescence of cells transfected with tet-L1rp-GFP-AI
constructs revealed that G4-HS negatively affected GFP expression and, consequently,
L1 retrotransposition (8.13 fluorescence units (FU) for G4-HS versus 12.00 FU for G4
KO – 47.7% decrease) (Figure 21). However, the second experiment revealed the
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opposite (6.23 FU for G4-HS versus 5.69 FU for G4 KO – 9.5% increase), suggesting
that the assay is sensitive to small condition variations that may promote or preclude G4
formation. We only have results for G4-22 in the second experiment, and comparing to
G4 KO there is a 27.2% increase of retrotransposition (7.24 FU for G4-22 versus 5.69
FU for G4 KO). However, since we have seen that the results among different
experiments were variable for G4-HS, we have to repeat the G4-22 experiment in the
future in order to confirm this finding.
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Figure 21. FACS analysis of retrotransposition assays with G4-22 and G4-HS. A)
Sequences cloned between L1 ORF2 and GFP in tet-L1rp-GFP-AI vector. B)
Fluorescence plots generated with FloJo displaying fluorescence parameter 2 (FL2A:EGFP-A) and forward scatter area (FSC-A:FSC-A). Average GFP fluorescence in FU
is in the center of the graphs. The average among duplicates was used to compare
results among different constructs. Used with permission of Larisa Kagermazova, who
designed and conducted the retrotransposition assays.
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4. DISCUSSION
The present study reports results that identify and address new questions in the field
of G-quadruplex DNA and RNA. Genome-wide analysis of tissue-specific expression of
genes revealed that genes with G4 have more variable expression among tissues,
possibly because of G4 folding and unfolding dynamics (Lu et al., 2018; M. L. Zhang et
al., 2019). However, when comparing genes with and without G4 in tumor samples, no
difference in expression was seen; we attribute this to possible somatic mutations that
disrupt G4 formation and, by consequence, also disrupt the dynamic formation of Gquadruplexes and how they regulate gene expression. In contrast, the difference in gene
expression among genes with G4 in matched healthy and tumor tissue is significantly
larger than the difference among genes without G4, reinforcing the idea that G4
disruption affects gene expression in important diseases such as cancer. We also
discovered that chromophobe renal cell carcinoma (KICH) tumor tissue usually has lower
expression than its respective kidney normal tissue, in contrast to most cancers; so we
believe that, in this case, mutations that decrease the activity of tumor suppressor genes
are the ones more responsible for pathogenicity.
The genome-wide analysis of PQS followed by location-specific effect of G4 in gene
expression showed important patterns, mainly for G4 at 3’UTR, exons and introns. G4s
at 3’UTR and exons of genes may have a down-regulatory effect because these regions
are maintained in the mRNA, and G4 RNA is very stable. This G4 formation might relate
to ribosomal stalling. Also, miRNAs often interact with the 3’UTR portion of genes, and
G4 possibly is an important binding motif. The binding of miRNA with the 3’UTR G4s was
previously reported in the literature (Rouleau et al., 2017; J. Zhang et al., 2019). In the
case of intronic regions, we believe G4s might have an important role in gene splicing,
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indirectly leading to increased gene expression. We showed that G4s are densely
populated around splice sites, supporting this hypothesis. Genes with G4 at 3’UTR and
exons cluster together following gene enrichment analyses: these genes are often linked
to homophilic cell adhesion, a process that is strongly regulated during development.
The fact that TEs and their G4s are less methylated during development (Greenberg &
Bourc’his, 2019; Jansz, 2019) makes those G-rich regions interesting modulators of cell
adhesion genes.
The study of important germline mutations that overlap PQS regions was important
to unveil a relationship between G-quadruplexes and heart-related diseases. We suggest
this correlation may arise from collagen genes, which are often long and G4-rich (Gu et
al., 2012; Toshniwal et al., 2019). G4 at long genes were reported to cause replicationtranscription collisions, which could be a source of these PQS overlapping mutations
(Maffia et al., 2020).
Narrowing down the G4 studies to G4-22, we discovered that this 22 nt sequence
represents the most common stable G-quadruplex in the human genome. Its high
stability might be explained by its short loops and long G-tracts, which are highly
conserved along the animal evolution (Julian L. Huppert & Balasubramanian, 2005; F.
Wu et al., 2021). Indeed, using our newly developed MRE11 mutant assay, we show that
the disturbance of few G nt in the tracts of 6 G’s were enough to disrupt G4.
The biological characterization of this G4 repeat highlights its possible origin from
L1PA2 retroelements exclusive to higher primates. A G4 similar to G4-22 but with one
nucleotide difference, G4-HS, is derived from an even younger LINE1 subgroup – L1HS,
reported as the main group of active retroelements in the human genome (Leibold et al.,
1990; McMillan & Singer, 1993). A closer analysis of these retrotransposons revealed
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that the 22 nt G4s were located at their 3’UTR portion, which was previously predicted
by Lexa et al. (2014), and the formation of these quadruplexes were confirmed by the
analysis of G4-ChIP peaks at both L1PA2 and L1HS 3’ ends. While analyzing the
formation of G4s in the full extent of these two subclasses of L1, it is noticeable that an
even stronger G4 signal occurs at their 5’UTR portion. A possible explanation for this
phenomenon includes the formation of stable hairpins with G4 characteristics in a GCrich portion, responsible for the efficient translation of these L1 elements (Dmitriev et al.,
2007; McMillan & Singer, 1993).
Since both G4-22 and G4-HS are highly conserved sequences, we sought
information from mutable flanking sequences to infer evolutionary patterns. We found
that orangutan and gibbon, the earlier diverged higher primates species studied, had a
strong preference for one specific pair of G4-22 flanking sequences. It may indicate that
retrotransposons containing G4-22 originated more recently in these organisms, with not
enough time for random flanking sequences mutations to occur. Interestingly, these two
species are considered as Asian primates, in contrast to the other primates analyzed that
originated from Africa (Ni et al., 2016; Shea, 1985), suggesting that the spread of L1PA2
possibly occurred independently in the two continents. Comparatively, the analysis of
G4-HS flanking sequences only displayed a strong preference for a specific set of
flanking sequences in human. This finding, plus the fact that L1HS is much more
common in human than in other species, implies that the “boom” responsible for the
spread of L1HS began recently in evolutionary time, allowing little time for mutations to
occur (Ovchinnikov et al., 2002).
The discovery that G4-22 and G4-HS are exclusive to higher primates made us
realize they could have roles in the development of the brain, the organ that best
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distinguishes higher primates from other mammals. In support of this notion, studies in
Drosophila reported that genomic heterogeneity in the brain is caused by TEs activity
(Perrat et al., 2013), and retrotransposons containing G4-22-like sequences could have
caused a similar phenomenon in higher primates’ brains. We were not able to clearly test
this hypothesis through the retrotransposition assays. However, based on our crystal
structure and previously reported impacts of G4s in L1 retrotransposition, we suggest
that G4-22-like DNA or RNA quadruplex structures are able to bind to other G-rich
locations of the genome, facilitating the insertion of LINE1 elements at specific locations.
These insertions, when disruptive, could contribute to the generation of disease-linked
translocations.

In

fact,

Bacolla

et

al.

(2016)

found

that

the

sequence

“GGAGGGGGGAGG” is present in the largest human translocation cluster in cancer. In
addition, mutations in DHX36 helicase, found to interact with G4-22, would leave G4-22
stabilized genome-wide, leading to DSBs caused by polymerase stalling during
replication and increased mutation rates. In fact, there are 342 cancer-related missense
mutations reported at COSMIC database for DHX36 (according to November 2020
search).
Pull-down results revealed not only an interaction of G4-22 with DHX36, but also with
multiple proteins involved in RNA binding and one involved in chromatin remodeling
(HLTF). It was previously reported that RNA-binding proteins that play a role in
translation can interact with G4 DNA excised due to oxidative stress, causing the
formation of stress granules through liquid-liquid phase separation (LLPS) (Byrd et al.,
2016). Our findings support this LLPS mechanism involving the interaction of RNA
binding proteins with G4 DNA in the context of cellular stress. The interaction of G4-22
with HLTF also supports the hypothesis that G4-22 causes cellular stress by obstructing
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replication. Three recently published papers present a model in which HLTF promotes
fork reversal, limiting replication stress (Bai et al., 2020; Kondratick et al., 2020; Tian et
al., 2021). Therefore, the fact that G4-22 interacts with this protein might be an indication
that fork reversal is needed in order to avoid major DNA polymerase stalling for
replication forks at G4. This is something meriting possible further investigation.
Regarding G4-22 conformation insights based on structural studies, our results are
consistent with a stable bimolecular parallel quadruplex instead of a single-stranded antiparallel G4, suggesting the interaction between two similar structures in vivo. If the
bimolecular structure is confirmed in cells, it could imply that these G4s could help
creating genomic loops when two G4-22 from distant genomic locations are joined
together – something that could facilitate chromosome segregation during meiosis and/or
recombination (Boán & Gómez-Márquez, 2010; Sen, Dipankar; Gilbert, 1988).
Interestingly, analogous loops forming topologically associating domains are functional
units of the DNA damage response (Arnould et al., 2021).

4.1.

Future directions

One way to test in vivo existence of G4-22 in the human genome would be to develop
of a G4-22-specific antibody, which could then be further used for cell culture assays.
We intend to seek help from specialized companies to produce both fluorescent and nonfluorescent antibodies, that will be used for fluorescence microscopy and ChIP-seq,
respectively. We also intend to repeat the cellular assays using stem cells and DHX36
KO cells. The reason for using stem cells is that G4-22 usually belongs to LINE1
retrotransposons and transposable elements are more active and less methylated during
87

development. The reason for using DHX36 KO cells is to prevent that genomic G4-22
structures are resolved by this helicase. We also intend to modify the retrotransposition
assay by synchronizing the cell cycle prior transfection, possibly helping to generate
more consistent retrotransposition patterns.
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5. CONCLUSION
The importance of non-B DNA is intensively studied in the literature, but the patterns
of their behavior remain incredibly unclear. In this dissertation, I was able 1) to take new
steps towards the global understanding of G4 DNA and RNA, and 2) to more specifically
understand G4-22, a 22 nt quadruplex structure derived from LINE1 retrotransposons
and exclusive to higher primates. We learned that PQS may affect gene expression
depending on which locations they are, and that PQS genes are enriched for celladhesion GO terms and depleted for olfactory-related terms. HGMD and COSMIC
mutations analysis revealed interesting G4-related pathogenic mutations that merit
further investigation. G4-22 was found to be one of the most stable G4s ever reported
and the most common G4s in human genomes. Interestingly, the evolutionary analyses
of both G4-22 and its sister sequence, G4-HS, indicated that G4-22 was spread in
separate evolutionary events in both African and Asian primates and that the explosion
of G4-HS spread began in humans only recently in evolutionary time. DHX36 was found
to be the preferential helicase to resolve G4-22 in normal HEK293F and HEK293T cells,
and this helicase is likely important to maintain genomic stability. Finally, we saw that
G4-22 may affect LINE1 mobility using a well-established retrotransposition assay,
although results need further verification. The importance of G-quadruplexes in genomic
regulation is undeniable. I therefore anticipate that these results and the extension of G4related research will provide foundational knowledge that may help save lives afflicted
by genetic diseases that are known – and not yet known – to be affected by these noncanonical DNA and RNA folds.
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6. APPENDIX
6.1.

Online resources – In house scripts

Python intersection code: https://github.com/ruthbpaula/g4_resources.git
General resources for working with non-B DNA: https://github.com/abacolla

6.2.

Oligos sequences

Name

Application

Sequence

G4-22

In vitro assays, SECSAXS and
crystallization

5' GGGGTGGGGGGAGGGGGGAGGG 3'

G4-HS

In vitro assays and
SEC-SAXS

5' GGGGTCGGGGGAGGGGGGAGGG 3'

G4-WT-FAM

Mutations assay with
MRE11

5' GGGGTGGGGGGAGGGGGGAGGG-FAM 3'

C4-WT-FAM

Mutations assay with
MRE11

5' CCCTCCCCCCTCCCCCCACCCC-FAM 3'

G4-m2-FAM

Mutations assay with
MRE11

5' GGGGTGTTGGGAGGGGGGAGGG-FAM 3'

C4-m2-FAM

Mutations assay with
MRE11

5' CCCTCCCCCCTCCCAACACCCC-FAM 3'

G4-m3-FAM

Mutations assay with
MRE11

5' GGGGTGTTGGGAGTTGGGAGGG-FAM 3'

C4-m3-FAM

Mutations assay with
MRE11

5' CCCTCCCAACTCCCAACACCCC-FAM 3’

G4-22-Btn

Pull-down

5’ TTTTTTTTTTTTTTTGGGGTGGGGGGAGGGGG
GAGGGTAA-BioTEG 3'
dT-Btn

Pull-down

5’ TTTTTTTTTTTTTTT-BioTEG 3'

oLAK0001

Gibson assembly Forward primer next
to BamHI cutting

5’ TGGCTAGCCATATGTAGAAAGCTGAAACTG 3’

oLAK0002

Gibson assembly Reverse primer next
to BamHI cutting with
overhang arm (22NT
cut)

5’ TCTAGCATTAGGTATATCTCCCAATGCTATACC
ACAGTCCCCAGAGTGTGATATT 3’
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oLAK0003

Gibson assembly Forward primer next
to PmeI cutting with
overhang arm (22NT
cut)

oLAK0004

Gibson assembly Reverse primer next
to PmeI cutting

oLAK0005

Gibson assembly Reverse primer next
to BamHI cutting with
overhang arm (C/G
mut)

oLAK0006

Gibson assembly Forward primer next
to PmeI cutting with
overhang arm (C/G
mut)

oLAK00012

Gibson assembly Forward primer for
NotI - PCR with
oLAK0013 (EN and
RT mut)

oLAK00013

Gibson assembly Reverse primer
H230A mut - PCR
with oLAK0012 (EN
and RT mut)

oLAK00014

Gibson assembly Forward primer for
H230A mut - PCR
with pLAK0015 (EN
and RT mut)

oLAK00015

Gibson assembly Reverse primer
D702Y mut - PCR
with oLAK0014 (EN
and RT mut)

oLAK00016

Gibson assembly Forward primer for
D702Y mut - PCR
with pLAK0017 (EN
and RT mut)

oLAK00017

Gibson assembly Reverse primer
BamHI - PCR with

5’ AATATCACACTCTGGGGACTGTGGTATAGCATT
GGGAGATATACCTAATGCTAGA 3’

5’ GTTTGTTCGGATCGATCCGTCGTTT 3’

5’ CTATCCCTCCCCCCTCCCCCCACCCCACCACA
GTCCCCAGA 3’

5’ TCTGGGGACTGTGGTGGGGTGGGGGGAGGGG
GGAGGGATAG 3’

5’ CGTTTAGTGAACCGTCAGATCGCCTGGAGC 3’

5’ CTCTAGTTTGATTGCACTGGCGTCTGAGAGATA
GTTTGTTATAATTTCTG 3’

5’ CAGAAATTATAACAAACTATCTCTCAGACGCCAG
TGCAATCAAACTAGAG 3’

5’ TGGGGTTTTCTAGATAAACAATCATGTCGTATGC
AAACAGGGACAATTTG 3’

5’ CAAATTGTCCCTGTTTGCATACGACATGATTGTT
TATCTAGAAAACCCCA 3’

5’ GATTTTTGTATAAGGTGTAAGGAAGGGATC 3’
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oLAK0016 (EN and
RT mut)

Table A1. Oligos sequences used in the present study.
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6.3.

Sanger sequencing of G4-22 region in mammalian plasmid constructs

Figure A1. Sanger sequencing with promG4 and promRAND constructs. The first
part of the figure shows that G4-22 (highlighted in yellow) in promG4 blocks the
sequencing extension at the third G-stack, close to the loop. The same is not seen for
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promRAND in the second part of the figure, that contains a random sequence instead of
G4-22.

6.4.

In vitro stabilizers tests

Figure A2. In vitro stabilizers tests. Serial dilutions starting with 20 µM stabilizers (PDS
or CX-5461). Fixed concentration of G4-22 oligos: 8.5 µM. 10% polyacrylamide gel was
run in TBE buffer for ~1h (100 V). Gel was stained in 50 mL water with 5 µL of SYBR
safe.

6.5.

Mass spectrometry curated results
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Score
Mascot:
Mascot

Protein FDR
Confidence:
Mascot

Accession

2036

High

Q9H2U1

750

High

P68371

341

High

Q562R1

325

High

P28289

316

High

P62750

308

High

O60814

226

High

P52907

198

High

P83881

Description
ATP-dependent
DNA/RNA helicase
DHX36 OS=Homo
sapiens OX=9606
GN=DHX36 PE=1 SV=2
Tubulin beta-4B chain
OS=Homo sapiens
OX=9606 GN=TUBB4B
PE=1 SV=1
Beta-actin-like protein 2
OS=Homo sapiens
OX=9606 GN=ACTBL2
PE=1 SV=2
Tropomodulin-1
OS=Homo sapiens
OX=9606 GN=TMOD1
PE=1 SV=1
60S ribosomal protein
L23a OS=Homo sapiens
OX=9606 GN=RPL23A
PE=1 SV=1
Histone H2B type 1-K
OS=Homo sapiens
OX=9606 GN=H2BC12
PE=1 SV=3
F-actin-capping protein
subunit alpha-1
OS=Homo sapiens
OX=9606 GN=CAPZA1
PE=1 SV=3
60S ribosomal protein
L36a OS=Homo sapiens
OX=9606 GN=RPL36A
PE=1 SV=2

Exp. qvalue:
Mascot

Coverage
[%]

#
Peptides

#
PSMs

#
Unique
Peptides

#
Protein
Groups

#
AAs

MW
[kDa]

0

36

32

62

32

1

1008

114.7

7.68

0

37

12

19

2

1

445

49.8

4.89

0

19

6

26

1

1

376

42

5.59

0

21

5

6

5

1

359

40.5

5.1

0

33

6

7

6

1

156

17.7

10.45

0

41

5

13

5

1

126

13.9

10.32

0

20

4

4

4

1

286

32.9

5.69

0

36

5

5

5

1

106

12.4

10.58

calc. pI

Table A2. Differential mass-spectrometry results for HEK293F G4-22 pull-down. Streptavidin beads were used to pull-down
proteins that differentially bound G4-22. Only results with 5 proteins or more were considered relevant and are displayed.
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Score
Mascot:
Mascot

Protein FDR
Confidence:
Mascot

Accession

1250

High

Q9H2U1

646

High

Q14527

657

High

P67809

313

High

P15880

358

High

P26368

339

High

Q14498

Description

ATP-dependent
DNA/RNA helicase
DHX36 OS=Homo
sapiens OX=9606
GN=DHX36 PE=1
SV=2
Helicase-like
transcription factor
OS=Homo sapiens
OX=9606 GN=HLTF
PE=1 SV=2
Y-box-binding protein
1 OS=Homo sapiens
OX=9606 GN=YBX1
PE=1 SV=3
40S ribosomal
protein S2 OS=Homo
sapiens OX=9606
GN=RPS2 PE=1
SV=2
Splicing factor U2AF
65 kDa subunit
OS=Homo sapiens
OX=9606
GN=U2AF2 PE=1
SV=4
RNA-binding protein
39 OS=Homo
sapiens OX=9606
GN=RBM39 PE=1
SV=2

Exp. qvalue:
Mascot

Coverage
[%]

#
Peptides

# PSMs

#
Unique
Peptides

#
Protein
Groups

0

27

24

46

24

1

1008

114.7

7.68

0

19

15

24

15

1

1009

113.9

8.6

0

47

9

26

6

1

324

35.9

9.88

0

31

8

12

8

1

293

31.3

10.24

0

27

7

23

7

1

475

53.5

9.09

0

16

7

7

7

1

530

59.3

10.1

# AAs

MW
[kDa]

calc. pI

96

265

High

Q96QR8

214

High

Q00839

201

High

Q99590

187

High

Q00577

Transcriptional
activator protein Purbeta OS=Homo
sapiens OX=9606
GN=PURB PE=1
SV=3
Heterogeneous
nuclear
ribonucleoprotein U
OS=Homo sapiens
OX=9606
GN=HNRNPU PE=1
SV=6
Protein SCAF11
OS=Homo sapiens
OX=9606
GN=SCAF11 PE=1
SV=2
Transcriptional
activator protein Puralpha OS=Homo
sapiens OX=9606
GN=PURA PE=1
SV=2

0

31

6

8

4

1

312

33.2

5.43

0

9

5

5

5

1

825

90.5

6

0

4

5

6

5

1

1463

164.6

8.41

0

23

5

6

3

1

322

34.9

6.44

Table A3. Differential mass-spectrometry results for HEK293T G4-22 pull-down. Streptavidin beads were used to rescue
transfected DNA oligos used to pull-down proteins that differentially bind to G4-22. Only results with 5 proteins or more were
considered relevant and are displayed.
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